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Abstract 
Changes in wing development and development through the stadia of Aphis fabae 
are examined after parasitisation by Aphidius colemani along with the underlying 
mechanisms. Parasitoid oviposition into nymphs of winged gynoparae of A. fabae 
shows that wing development is inhibited and the earlier parasitism takes place, the 
stronger the effect. Consideration of the timing of events indicates that the active 
component(s) is most likely injected during oviposition and is not related to hatching 
and growing of the parasitoid larva. When extracts of venom glands are injected into 
late-second stadium aphids, many develop to fourth-stadium possessing rudimentary 
wingbuds, show developmental arrest and often die while moulting to the adult stage. 
Injections with extracts of female or male parasitoids into later stadia give similar 
results with regard to development to the adult but aphids injected in the late-fourth 
stadium develop normally. Experiments with long-day winged virginoparae reveal 
similar results in development to the adult but injections into long-day wingless 
aphids, which develop more rapidly, show this effect only when performed early in 
the third stadium. The earlier the injection before the final moult the greater the effect 
of the extract on preventing adult development. The results indicate that there is an 
active factor(s) in the female parasitoid’s venom that disrupts wing development 
and/or inhibits development to the adult; the loss of activity after treatment at 100 °C 
or with protease makes it likely that the factor(s) is a protein. Surprisingly, injections 
of extracts from male parasitoids have similar effects. The location and function of 
such a factor(s) in males are unknown. Fast Protein Liquid Chromatography is used to 
fractionate the parasitoid extracts and bioassays reveal activity in fractions 16-25. 
Aphidius ervi venom also inhibits development of A. fabae (a non-host) whereas A. 
colemani venom has no effect on the development of Megoura viciae (a non-host). 
Injection with lipopolysaccharides and infection with a fungal pathogen are used to 
test whether stimulation of the immune response affects wing development in the host 
and the possibility that the host is in control of inhibiting its own wing development in 
order to support its immune system is discussed.   
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Chapter 1 
Introduction 
 
1.1 Insects 
1.1.1 Aphids (general) 
 
Aphids are soft-bodied insects of the superfamily Aphidoidea in the order 
Hemiptera and amongst them are economically important pests of crops (Dixon, 
1998). They cause direct damage by feeding on the plant and indirect damage by 
transmission of viruses and honeydew fouling of plant parts (Dixon, 1973; 
Quisenberry and Ni, 2007; Katis et al., 2007). They have complex life cycles, 
alternating parthenogenetic and sexual producing generations (Dixon, 1973). Aphids 
show high degree of polymorphism with several different morphs in each species, 
including sexual and asexual, winged (alate) and wingless (apterous) ones. The 
development of the wingless condition is known as apterisation. The fact that they 
reproduce parthenogenetically and show telescoping of generations, where 
“granddaughter” embryos start developing inside unborn “daughter” embryos inside 
the mother’s abdomen, shortens the generation time and combined with vivipary, 
greatly increases their reproductive rate and their success as pests of plants (Powell et 
al., 2006). 
1.1.1.1 Aphis fabae Scopoli 
 
-description, distribution and biology 
Aphis fabae (Hemiptera: Aphididae), the black bean aphid (Fig. 1), is a 1.5-3.1 
mm long, black insect, sometimes with white wax markings on the abdomen and with 
black siphunculi and a short, black cauda. The legs are white, with black stripes at the 
base and tip. The body of the winged morph is more elongated than the wingless 
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form, and the wings are membranous.  It is a polyphagous species on secondary host 
plants, which include many crops like broad bean, potato, tobacco and beet. The 
actual host range remains unclear especially because A. fabae is a complex of sub-
species that have wide host ranges (Blackman and Eastop, 2007). It is also important 
as a virus vector of more than 30 plant pathogenic viruses, including non-persistent 
viruses of beans and peas, beets, crucifers and cucurbits (Blackman and Eastop, 1994; 
Blackman and Eastop, 2000). 
Aphis fabae has a complex, host-alternating and holocyclic life cycle (Fig. 2) 
and is widespread in temperate regions of the northern hemisphere, also in South 
America and Africa. It reproduces asexually in spring and summer and sexually in 
autumn and overwinters as diapause egg. The eggs hatch into fundatrices, particularly 
fecund parthenogenetic wingless females. After a number of generations (≈3) of 
wingless virginoparae (asexually reproducing females that give birth to 
parthenogenetic offspring) on the primary host, the spindle tree (Euonymus 
europaeus), winged migrants are produced (winged virginoparae), that colonise the 
secondary hosts. Short days in autumn induce the production of the gynoparae, a 
winged form that flies from secondary hosts to recolonise the spindle tree winter host 
and produces the wingless sexual females (oviparae). Oviparae mate with winged 
males and lay the overwintering eggs (Cammel, 1981; Blackman and Eastop, 2000). 
In this study, winged gynoparae, winged and wingless virginoparae are used.  
 
 
Fig. 1 Aphis fabae (a) wingless virginopara and (b) winged gynopara adults. 
 
a b 
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Fig. 2 Life cycle of Aphis fabae. 
 
Aphis fabae is a complex of sub-species: A. f. fabae, A. f. cirsiiacanthoides, A. f. 
solanella and A. f. mordvilkoi that are partially reproductively isolated and have 
distinct secondary host ranges (Blackman and Eastop, 1994; Douglas, 1997; Raymond 
et al., 2001; D'Acier et al., 2004; Blackman and Eastop, 2007). In the present study, A. 
fabae fabae is used.  
Natural enemies of A. fabae include coccinelids, syrphids, anthocorids, 
cecidomyiids, chrysopids, staphylinids, hymenopteran parasites and Entomophthora 
fungi (Cammel, 1981). 
-pest status and control 
In the UK, the guidelines for control of A. fabae are based on the work by Way 
et al. (1977) and suggest that control is economically justified after 5% of plants have 
been infested (Dewar, 2007). Long-term data on aphid captures from South England 
has been used to predict successfully A. fabae infestation in spring-sown field beans 
(Way, 1967; Way et al., 1981). 
Control measures include cultural control (i.e. dense planting), resistant varieties 
and chemical control with organophosphorous and carbamate pesticides. Two 
methods of application of chemical control are mainly used: eradicant treatment, 
routine preventive treatment, as well as chemical treatment based on forecasting 
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(Cammel, 1981). Resistance of A. fabae to organophosphorous insecticides has been 
reported since 1974 but it seems that for this species resistance is not a general 
condition but is limited in time or region (Foster et al., 2007). Hansen et al. (2008) 
suggest that a combination of intercropping with spring cereals and use of resistant 
varieties of field beans reduces crop losses in organic farming of spring-sown field 
beans. 
1.1.1.2 Megoura viciae Buckton 
 
Megoura viciae, the vetch aphid (Fig. 3), has a large (3-4.3 mm) dark green 
body with black head, antennae, prothorax, siphunculi, cauda and legs. Its host range 
includes Vicia and Lathyrus species. It is a vector of at least eight plant viruses and is 
widely distributed in Europe, Central Asia, Middle East and Ethiopia. It has a 
monoecious (non host-alternating) holocyclic life cycle. Autumn induces the 
production of sexual females that mate with the winged males and lay overwintering 
eggs. In long days (spring and summer), virginoparae occur (Blackman and Eastop, 
2000). 
 
 
 
Fig. 3 Megoura viciae virginoparae adults (Photograph by Jim Hardie).  
 
 
 
2 mm 
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1.1.1.3 Myzus persicae (Sulzer) 
 
Myzus persicae, the peach-potato aphid (Fig. 4), has a small (1.2-2.1 mm) green 
body with green siphunculi and a short cauda. It is of Asian origin and has a host-
alternating life cycle with the trees of the genus Prunus spp. as primary hosts and 
secondary hosts that belong to more than 400 species which include members of the 
Solanaceae, Brassicaceae and Asteraceae families. It is an important vector of over 
120 plant viruses some of which cause severe damage to crops that belong to about 
thirty different plant families (van Emden et al., 1969; Blackman and Eastop, 2000).  
 
 
Fig. 4 Myzus persicae virginoparae female adults and nymphs (Photograph by Andrés 
Martínez). 
 
1.1.2 Aphid hymenopteran parasitoids  
 
The parasitoids of aphids are mainly members of two hymenopterous families 
(Braconidae and Aphelinidae) while few belong to the family Cecidomyiidae 
(Diptera) (Hågvar and Hofsvang, 1991; Völkl et al., 2007). In the family Aphelinidae,  
the genera Aphelinus and Encarsia include parasitoid species that use aphids as hosts 
(Völkl et al., 2007).The most abundant and important of aphid parasitoids belong to 
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the Aphidiinae, a sub-family of the Braconidae family, with more than 600 species, 
which parasitise only aphids (Hågvar and Hofsvang, 1991; Völkl et al., 2007). All 
Aphidiinae are solitary endoparasitoids and although superparasitism has been 
observed, supernumerary larvae do not survive. In the early stages, larvae feed with 
the help of teratocytes, which are embryonic cells that increase in size after the hatch 
of the parasitoid larva and only the last larval stage seems to attack directly the host’s 
inner organs (Hågvar and Hofsvang, 1991). The host is killed as the parasitoid spins a 
cocoon and pupates inside the host (Völkl et al., 2007). Aphid parasitoids are 
haplodiploid organisms and unfertilised eggs produce males while fertilised eggs 
produce females (Godfray, 1994; Quicke, 1997). 
1.1.2.1 Aphidius colemani Viereck  
 
Aphidius colemani (Hymenoptera: Braconidae) (Fig. 5) is a small (≈ 2 mm) 
black wasp with brown legs and long antennae. The female has a pointed tip to the 
abdomen, the ovipositor, while the male’s abdomen is rounded. Four larval stages are 
completed in the host which dies just before parasitoid pupation (Fig. 6). After the 
aphid is killed, the parasitoid leaves only the cuticle untouched, attached to the surface 
of the plant. At this stage, the host is referred to as a ‘mummy’. The adult emerges 
through a circular hole, usually at the dorsal part of the abdomen (Hågvar and 
Hofsvang, 1991). The newly-emerged adults mature after a short period of time and 
are ready to mate. The adults feed on aphid honeydew (Starý, 1988). 
Females oviposit in all stages of the host although they show preference for 
younger aphid nymphs as opposed to fourth-stadium nymphs and adults (Perdikis et 
al., 2004; Martinou and Wright, 2007). Fertilized eggs (that produce female offspring) 
are usually laid by the females in relatively large hosts within the preferred stadia 
(Jarošík et al., 2003). 
Aphidius colemani is a generalist solitary endoparasitoid of more than 40 
members of the Aphididae family, including serious aphid pests such as Aphis fabae, 
Aphis gossypii, Brevicoryne brassicae, Myzus persicae, Rhopalosiphum padi and 
Sitobion avenae. It originates from northern India and Pakistan and is distributed 
worldwide. It is considered an effective biological control agent against several aphid 
species such as M. persicae and A. gossypii, both in the field and glasshouses (Starý, 
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1975). Starý, with a taxonomic study (1975), shows that the species A. platensis 
(Brèthes) and A. transcaspicus (Telenga) are synonyms with A. colemani.  
 
 
Fig. 5 Aphidius colemani female attempting to sting a Myzus persicae aphid 
(Photograph by Simon Fellous). 
 
 
Fig. 6 Aphidius colemani life cycle. The adult female lays an egg inside the aphid. The 
parasitoid larva hatches and then completes 4 larval stages inside the host. The aphid dies 
prior to parasitoid pupation and forms a ‘mummy’. The parasitoid adults emerge from the 
aphid ‘mummy’. 
1mm 
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1.1.2.2 Aphidius ervi Haliday 
 
Aphidius ervi (Hymenoptera: Braconidae) is a long (4–5 mm) black wasp that in 
general attacks larger aphid species than A. colemani. Their biology is similar. It has a 
wide host range, including aphids-pests of economically important plants such as 
cereals and legumes (Powell, 1982).  
1.1.2.3 Use of Aphidius spp. in the biological control of aphids 
 
Having the advantage of parasitising exclusively aphids, aphid hymenopteran 
parasitoids are the most common agents used mainly in greenhouses for biological 
control or Integrated Pest Management strategies (Powell and Pell, 2007). Many 
Aphidius species have been introduced in countries around the world for the control of 
aphids (Powell and Pell, 2007). 
Aphidius colemani has been commercially used since 1992 for the control of A. 
gossypii and M. persicae in greenhouses in Europe and the recommended rate for 
release is 0.15-1.5 m
-2 
(van Lenteren, 2003). Aphidius ervi has been commercially 
used since 1996 for the control of Macrosiphum euphorbiae and Aulacorthum solani 
and the recommended rate is 0.15-1 m
-2
 (van Lenteren, 2003). Inoculative releases of 
A. colemani at a rate of 5 m
-2
, suppress A. gossypii populations on greenhouse 
Chrysanthemum spp. and the results are as good as those of chemical control. The 
cost of the biological agent is more than 4 times higher but it is safer for the grower 
and the environment (Vásquez et al., 2006). 
1.2 Wing dimorphism in aphids 
 
For a variety of reasons, such as the search for a better quality host or to escape 
predators, it is beneficial for aphids to disperse by investing in producing winged 
morphs and most aphid species show wing dimorphism (Müller et al., 2001). The 
ancestors of the aphids are presumed to be winged (Heie, 1987), and the winged 
condition is considered to be primitive compared to the wingless, which is a 
secondary development (Dixon, 1998). The winged morphs possess two pairs of 
wings, along with other morphological differences (such as more elongated body, 
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longer antennae, heavier sclerotization of the head and the thorax) compared to the 
wingless form. Their physiology is adapted to flight and they are more resistant to 
starvation (Braendle et al., 2006). Winged aphids are considered to be less advanced 
(Braendle et al., 2006) as they have a longer development time (Tsumuki et al., 1990; 
Araya et al., 1996) and lower fecundity (Leather, 1987; Newton and Dixon, 1990a; b; 
Collins and Leather, 2001) than apterae.  
Wing dimorphism in aphids is distinguished between polyphenism that is 
environmentally induced and occurs among parthenogenetic females and 
polymorphism that is genetically determined and is found in males (Braendle et al., 
2006).  Braendle et al. (2005) found a genetic association between male 
polymorphism and female polyphenism with regard to the factors controlling them.  
Aphids produce winged progeny often under unfavourable environmental 
conditions and wingless progeny under more favourable conditions (Dixon, 1998; 
Müller et al., 2001). The production of wings is influenced by crowding, host quality, 
photoperiod, temperature and interactions with natural enemies or other organisms 
(Dixon, 1998). Many of the environmental cues interact and there are clonal 
differences in the induction of winged morphs (Müller et al., 2001). The balance 
between the production of winged and wingless is species- and clone-dependent 
(Dixon, 1977).  
Interaction with other organisms may stimulate or inhibit the induction of 
winged morphs and such organisms may be parasitoids, aphid predators, fungal 
pathogens, plant pathogens or mutualistic ants (Müller et al., 2001; Williams and 
Dixon, 2007). In general, parasitism promotes the production of winged morphs in the 
attacked colonies of the pea aphid (Sloggett and Weisser, 2002) but causes inhibition 
of wing-development in the parasitised individual pea (Acyrthosiphon pisum) or 
blackberry-cereal (Sitobion fragariae) aphids (Christiansen-Weniger and Hardie, 
1998; 2000). The presence of predators stimulates the production of winged progeny 
in the pea aphid (Weisser et al., 1999; Kunert and Weisser, 2003) but not in A. fabae 
and M. viciae (Kunert et al., 2008) while there is some evidence that aphid fungal 
pathogens also induce production of winged progeny (Pope et al., 2002). This effect 
may be indirect as the presence of natural enemies encourages movement in the aphid 
colonies and thus leading to what has been described as “pseudo-crowding’ by Kunert 
et al. (2005). When aphids are feeding on newly virus-infected plant tissues, 
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production of winged progeny is stimulated (Gildow, 1983; Blua and Perring, 1992). 
Ant-attendance promotes production of wingless progeny (Johnson, 1959a).  
Wing induction may be initiated either in the embryo within the mother (pre-
natal) or in the developing larva (post-natal), or both, depending on the species 
(Dixon, 1998). Aphis fabae winged virginoparae are produced when wingless 
virginoparae experience pre- and post-natal crowding conditions, while winged 
gynoparae are produced under short-day conditions (Hardie, 1980b). Wingless 
virginoparae adults of M. viciae produce winged progeny when they experience 
crowded conditions (Lees, 1967). 
The mechanisms controlling the development of winged morphs have been 
intensively investigated. According to the “classic model”, suggested in the 1960s, 
metamorphosis and the production of winged morphs in aphids, are controlled by the 
endocrine system and specifically by the juvenile hormone which is produced in the 
corpora alata. The observation that wingless individuals have nymphal characteristics 
led to this initial hypothesis (Johnson, 1959b; Lees, 1966). Despite intense research on 
this area, the importance of these hormones in wing development is still uncertain and 
results have been either supportive or contradictory to the “classic model” according 
to several reviewers of the subject (Hales, 1976; Harrison, 1980; Hardie and Lees, 
1985; Zera, 2003; Braendle et al., 2006). Several restrictions such as the small size of 
aphids and the difficulty to distinguish between juvenilisation (retention of nymphal 
characteristics) and apterisation (wingless state) add to the difficulty of clear 
conclusions on the physiological control of wing dimorphism (Hardie and Lees, 1985; 
Zera, 2003). Evidence presented by Hardie (1980a) proposes that there are two, 
partially independent mechanisms for the production of winged virginoparae or 
gynoparae. The mechanism for the production of winged virginoparae seems to be 
independent of juvenile hormone levels. Juvenile hormone application causes 
apterisation in presumptive winged A. fabae gynoparae but this action is not due to its 
neotenic (juvenilising) action (Lees, 1977; Hardie, 1980a; Hardie, 1981). External 
juvenile hormone application also promotes switching of the oviparae-producing 
gynoparae adults into virginopara producers (Hardie, 1981). Application of 
precocenes for the prevention of juvenile hormone synthesis has been used to help 
with the matter, but results again were confusing with some precocenes inducing, 
some inhibiting wing formation and others having both effects according to the 
experimental approach (Hardie et al., 1995; 1996; Gao and Hardie, 1996). Precocenes 
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affect metamorphosis by causing distruction of corpora allata cells but effects on wing 
development appear to be controlled by a different pathway (Hardie et al. 1995; 
1996). “Rescue” (hormone replacement) experiments, with application of juvenile 
hormones after the application of precocenes, have been used for further investigation. 
Such “rescue” experiments only altered the effects of precocene III on metamorphosis 
but not on wing development. Thus, precocious adult development appears to be due 
to low juvenile hormone titres but the development of winged forms seems to be 
uninfluenced by a decrease in juvenile hormone titre (Gao and Hardie, 1996).  
 Wing dimorphism is important for the pest impact of aphid species. Damage 
from direct feeding on the plant tissues is mainly caused by large populations of 
wingless morphs that have rapid growth rate whereas with virus transmission, the 
winged morphs are responsible for the initial infestations in the field but within the 
field, the virus is spread by wingless aphids (Williams and Dixon, 2007). 
1.3 Host regulation by parasitoid insects 
 
Parasitoid insects spend part of their life cycles dependant on other organisms, 
their hosts, and occur mainly in the orders Hymenoptera and Diptera but there are also 
some species in the orders Coleoptera, Lepidoptera and Neuroptera (Eggleton and 
Belshaw, 1992; Feener and Brown, 1997). Endoparasitoids spend part of their lives 
inside the body of the host and ectoparasitoids spend part of their lives on or very 
close to the body of the host. They are also divided into koinobionts (which allow 
their hosts to continue their activities for some time before killing them) and 
idiobionts (which paralyse their hosts prior to killing them). There are certain 
differences between these two life strategies but both show adaptations that help the 
parasitoids’ survival. As koinobionts spend part of their biological cycles as larvae 
living in intimate contact with their host, they are adapted to manipulating their host’s 
physiology, while idiobionts are adapted morphologically in order to gain access to 
the host and parasitise it successfully (Quicke, 1997). 
 Host regulation is a term established by Vinson and Iwantsch (1980) for the 
effects of parasitism on the development, physiology and behaviour of the host, which 
intend to help the survival, growth and development of the parasitic insect. Numerous 
studies investigate various aspects of host regulation in an attempt to better 
understand the physiology of the parasitoid-host relationship and to extract 
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information that may be helpful in applied entomology (i.e. pest management) 
(Beckage and Gelman, 2004; Moreau and Guillot, 2005). Parasitoids possess powerful 
tools, such as venom, teratocytes and polydnaviruses, for the successful completion of 
host regulation (Vinson and Iwantsch, 1980; Stoltz, 1986; Beckage and Gelman, 
2004).  
Venom is produced by the venom glands and, in endoparasitoids, shows many 
different functions related to host regulation and successful parasitism although the 
exact action remains unknown (Stoltz, 1986). Effects of parasitoid venoms include 
death of the host, paralysis, permanent or temporary, developmental arrest and 
reduced growth rate (Stoltz, 1986; Quicke, 1997; Beckage and Gelman, 2004). 
Venom of the endoparasitoid Pimpla hypochondriaca causes paralysis of its 
lepidopteran host and is the first arthropod venom in which phenoloxidase activity has 
been detected (Parkinson and Weaver, 1999; Parkinson et al., 2001). It is also 
involved in suppression of the host immune system by affecting the morphology and 
function of the host’s haemocytes (Marris et al., 1999; Richards and Parkinson, 2000; 
Richards and Dani, 2008). The non-paralysing venom of the ectoparasitoid Eulophus 
pennicornis causes developmental arrest of its lepidopteran host’s larval development 
by suppressing the haemolymph ecdysteroid titre in the host through regulating the 
activity of the prothoracic glands (Weaver et al., 1997; Marris et al., 2001; Edwards et 
al., 2006). 
Teratocytes are cells of embryonic origin that surround the developing embryo, 
are released when the larva hatches and although they do not reproduce inside the 
host, they increase greatly in size (Quicke, 1997; Beckage and Gelman, 2004). 
Several roles have been suggested for these “giant cells”, such as a protecting role by 
absorbing toxic substances or a possible role interfering with the host immune system 
(Beckage and Gelman, 2004). Reviewers agree that their main roles include nutritious 
support of the developing larva and host regulatory function through secretion of 
materials that manipulate the hosts physiology and biochemistry (Stoltz, 1986; 
Quicke, 1997; Beckage and Gelman, 2004). Teratocytes from Microplitis croceipes 
(Vinson and Lewis, 1973) cause developmental changes in the host, Heliothis 
virescens, as well as abnormal pupation (Zhang and Dahlman, 1989) and reduced 
weight gain (Schepers et al., 1998). A protein secreted by the teratocytes is 
responsible for inhibiting synthesis of some host proteins (Schepers et al., 1998; 
Dahlman et al., 2003). Teratocytes from Toxoneuron nigriceps have similar effects on 
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the development of the host, Heliothis virescens (Pennacchio et al., 1992). Parasitism-
specific proteins, secreted by the teratocytes, cause changes in the protein composition 
of the host’s haemolyph (Cônsoli et al., 2005) while a teratocyte-secreted chitinase 
has a supposed role of protecting the parasitoid larvae against the immune respone of 
the host (Cônsoli et al., 2007). 
Polydnaviruses are the ‘secret weapon’ of maternal origin that the parasitoid 
possesses to provide long-term protection to its offspring against the host’s immune 
system (Lavine and Beckage, 1995; Beckage, 1997). They replicate in the calyx 
glands of the ovaries of the female parasitoid and they are injected along with the egg 
into the host body during oviposition (Quicke, 1997). Polydnaviruses occur in 
hymenopteran parasitoids of lepidopteran hosts (Kroemer and Webb, 2004; Webb and 
Strand, 2005) and they have never been reported in aphid parasitoids (Gelman et al., 
2005; Pennacchio and Strand, 2006). Polydnavirus genome sequence has attracted 
new interest and provides information of viral gene function (Espagne et al., 2004; 
Kroemer and Webb 2004). In parasitized H. virescens, the polydnavirus TnBV (one of 
the first to be discovered, in the parasitoid T. nigriceps (Vinson and Scott, 1974)) was 
found responsible for disruption of the host prothoracic gland function, alterations to 
ecdysone biosynthesis and metabolism (Pennacchio et al. 2001; Malva et al., 2004; 
Falabella et al., 2006) and for causing apoptosis-like programmed cell death (Lapointe 
et al., 2005).   
1.3.1 Host regulation of aphids by parasitoids 
 
Koinobionts like A. colemani spend part of their biological cycles as larvae 
living in intimate contact with their host. To their own nutritional advantage, they do 
not damage important organs so that the host remains alive and active. However, they 
manipulate the host’s behaviour, physiology and nutrition to favour their own 
development and/or to get protection against or avoid predation and hyperparasitism 
(Godfray, 1994). As a result, metabolically active tissues of the host are used for the 
parasitoid’s nutrition and welfare.  
An example of behavioural manipulation in an aphid-parasitoid system is given 
by Brodeur and McNeil (1989; 1990; 1992): Macrosiphon euphorbiae, when 
parasitised by the braconid wasp Aphidius nigriceps, move away from the aphid 
colony. When they carry diapausing parasitoid larva they prefer to move to concealed 
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places whereas when they carry non-diapausing parasitoid larva they move to the top 
leafs of the host plant. A possible explanation given by the authors is that the 
parasitoid is manipulating the behaviour of the aphid according to its physiological 
state. Thus, when it is going into diapause, it is more beneficial to the parasitoid if the 
host is concealed away from predators, whereas in the opposite case, movement to the 
warmer top of the plant causes faster development and as it is away from the colony, 
it is safer from predation and hyperparasitism.  
Parasitoids also interfere with the metabolism in the host’s haemolymph in order 
to gain nutritional advantages.  Pea aphids parasitised by A. ervi showed elevated 
titers of total hemolymph proteins and free amino-acids compared to non-parasitised 
controls (Pennacchio et al., 1995; Pennachio et al., 1999; Rahbé et al., 2002), possibly 
due to an attempt of the parasitoid larva to create a more nutritious source for feeding 
within the host. Teratocytes derived from A.ervi, are hypothesised to play an 
important nutritional role for the developing parasitoid larva, by redirecting and thus 
exploiting the host’s major metabolic paths (Falabella et al., 2000; 2005). 
Koinobiont larvae have only the host’s haemolymph as a restricted source of 
nutrients for their development. Even in the adult stage, their diet, usually nectar and 
honeydew, is poor in several components.  They need to accumulate sufficient capital 
reserves, that is the nutrients obtained during larval development and to be used in the 
adult stage. Thus, they redirect resources from the physiology of the host to the 
development of the parasitoid larva (Strand and Casas, 2008). The mechanism used 
by the larva for this reallocation of nutrients within the host is not fully understood 
despite several examples that have been studied (Pennacchio and Strand, 2006). The 
teratocytes and the venom play a role. One of the main difficulties lies in the 
distinction between redirection as part of host regulation by the parasitoid and the 
indirect effects of the host’s immune system.  
Parasitoids may interfere with the host endocrine system by controlling the 
production or metabolism of the hormones. Lawrence (1986) calls these parasitoids 
“regulators” because they disrupt host development, morphology or behaviour 
primarily by interfering with the host’s endocrine system as opposed to “conformers” 
which are parasitoids that use the host’s hormonal system to regulate their 
development and behaviour. Disruption of wing development in parasitised aphids 
initially has been thought to be due to increased juvenile hormone levels (Johnson, 
1959b; Beckage, 1985). 
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Aphidius ervi venom induces the production of parasitism-specific products that 
cause degeneration of the ovaries whereas teratocytes digest host reproductive tissues, 
allowing for the host’s fatty acids to be used for the parasitoid development (Falabella 
et al., 2005; 2007; Caccia et al., 2007). Disrupting wing development seems also to be 
a strategy used by the parasitoid to divert host resources into its own development 
through a direct effect on wingbud tissue (Hardie and Christiansen-Weniger, 2001). 
Aphidius ervi gains fitness advantages such as bigger adult size, by preventing its 
host’s (A. pisum) wing development (Demmon et al., 2004). 
1.4 Aims and objectives of the study 
 
In general, the effects of parasitism by Aphidius colemani on the development of 
its aphid host Aphis fabae are studied. The system A. fabae -A. colemani was chosen 
because short-day rearing of A. fabae allows the induction of the gynopara morph (a 
winged female that flies from the summer to the winter host plant and produces the 
wingless sexual females) such that nearly 100% of neonatal individuals are 
guaranteed develop into winged adults (Hardie, 1980b). In chapter 3, a preliminary 
experiment establishes the effects of parasitism on the wing development and 
development through the stadia of A. fabae gynoparae. In chapter 4, aqueous extracts 
from parasitoid tissues, are injected in different A. fabae morphs in order to assess the 
effects on development through the stadia and on the formation of wingbuds/ wings. 
In chapter 5, chromatographic techniques are used in order to fractionate the active 
parasitoid extracts and give a crude purification of the active compound(s). In chapter 
6, injections of parasitoid extracts into non-host aphids attempt to explain the 
mechanisms of host specificity. In chapter 7, the possibility that it may be the aphid-
host’s immune system that is causing the observed effects on wing development is 
addressed and investigated by challenging the host’s immune system with injections 
of artificial materials and inoculations with an aphid pathogen.  
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Chapter 2 
General Materials and Methods 
2.1 Aphid cultures 
 
- plants 
The aphids used in the experiments (Aphis fabae and Megoura viciae) were 
reared on tick bean plants (Vicia faba L.). The plants were sown in plastic trays on 
damp sand (play sand, www.onlinesand.co.uk) and transplanted to plastic pots 
(diameter: 90 mm) when needed for the culturing or the experiments. In order to 
facilitate transplanting and retard the seedling growth rate, the radicle was cut short 
before transplanting. Seven seedlings (10-20 mm tall) were transplanted in each pot. 
-Aphis fabae cultures 
The main culture of A. fabae was reared parthenogenetically at 15±1 ºC, in long-
day conditions (LD 16:8 h). The clone used was started with a wingless virginoparae 
female from sugar beet in Cambridge in October 1946 (Kennedy and Booth, 1951). 
All aphids reared under these conditions were virginoparae. 
Adult wingless virginoparae were placed on newly-germinating bean plants, one 
aphid per plant. Each plant was covered with a glass vial (internal diameter: 25 mm, 
length: 75 mm) and the pot was placed inside the rearing cabinet. After seven days, 
the adult females were removed and the vials were replaced with one large glass jar 
(small diameter: 60 mm opening to: 75 mm diameter, height: 160 mm), open on the 
top and covered with a piece of fine muslin for ventilation. This was done because 
after seven days the bean plants grow to the top of the glass vials. 
When winged virginoparae were needed for the experiments, 15 wingless 
virginoparae were placed on each bean plant. In order to facilitate transplanting and 
retard even more the seedling growth rate, the growing tip of the plant was removed 
as well as the radicle was cut short before transplanting. The aphids were left for one 
week to reproduce and then the adults were removed and some new bean plants were 
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added to the pot so that the aphids could move there as the old ones became 
unsuitable.  
Gynoparae were reared at 15±1 ºC, in short-day conditions (LD 12:12 h) 
(Hardie, 1980b). Fourth-stadium wingless virginoparae (generation P) from the long-
day culture were transferred on tick bean plants, two individuals per plant. The pot 
was then placed in the short-day cabinet where the aphids would moult to the adult 
stage and reproduce. After seven days, the adults were removed and the small glass 
vials were replaced with the large mesh-topped glass jar. Their progeny (first 
generation (G1) in the short-day cabinet) would develop to wingless adults that give 
birth to gynoparae (generation G2). From this generation (G2), the progeny that were 
born during the first seven days of reproduction were used in the experiments, as after 
this time, the first generation (G1) females start producing males (Hardie, 1980b). 
- Megoura viciae culture 
The main culture of M. viciae was reared parthenogenetically at 15±1 ºC, in 
long-day conditions (LD 16:8 h). The clone used was started in Cambridge in early 
1950’s (Lees, 1967). The procedure was similar to the one followed for the long-day 
culture of A. fabae. All aphids reared under these conditions were virginoparae. 
Winged virginoparae were reared by crowding wingless adults from the main culture 
as described by Lees (1967). Fifteen young wingless adults were placed in a glass vial 
(internal diameter: 25 mm, length: 75 mm) which was then closed with a cotton-wool 
plug, leaving limited space for the movement of the aphids (internal diameter: 25 mm, 
length: approximately 20 mm). They were placed in the rearing cabinet for 24 hours 
and then the adult aphids were placed on bean plants in pairs. Their progeny were 
mostly winged (80%) on the first day of reproduction, as shown in Fig. 7 and the 
percentage declined with time after crowding.  
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Fig. 7 Percentage (±SE) of winged progeny produced by wingless Megoura viciae in 
days 1-5 after crowding treatment (n=151,170,172, 95, 71 for days 1, 2, 3, 4, 5 respectively).  
 
- winged morphs 
First- and second-stadium aphids do not possess visible wingbuds, so it is not 
possible to predict whether they will develop into winged or wingless adults. Only 
after moulting to the third stadium are wingbuds visible. Third- and fourth-stadium 
aphids of the presumptive winged morphs were inspected for the presence of 
wingbuds and thus, aphids with no visible wingbuds, were excluded from the 
experiments, as these would develop into wingless adults. 
2.2 Parasitoid culture   
 
The Aphidius colemani population was reared on the green peach-potato aphid, 
Myzus persicae, maintained on Brussels sprout plants (Brassica oleracea var. 
gemnifera L., cultivar Bedford-Winter Harvest). The initial population of parasitoids 
was purchased from Syngenta-Bioline (Little Clacton, UK) in 2002 and was since 
then reared on the above aphid-plant system. 
The Brussels sprout plants were grown in a greenhouse where the temperature 
was 20-35 ºC throughout the year and the photoperiod was LD 16:8 h. The seeds 
(Suttons, Devon, UK) were sown by 40-50 in a single pot with compost (Levington 
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multipurpose compost). After two weeks the seedlings were transplanted individually 
in pots with the same compost. The plants in the greenhouse were watered every 
second day throughout the year unless daily watering was required during hot and dry 
weather in summer. The plants used in the Myzus persicae culture were 20-25 cm tall 
with 7-8 leaves. 
The Myzus persicae culture was kept in a controlled-temperature (CT) room at 
15±1 ºC, relative humidity (RH) 60±5% and photoperiod LD 16:8 h. The parasitoid 
culture was kept in a similar but separate CT room, at 19±1 ºC, RH 75±5% and 
photoperiod LD 16:8 h. 
Both Myzus persicae and Aphidius colemani cultures were kept in wooden 
framed cages (≈45 x 40 x 45 cm) with muslin covered sides. The roofs were made of 
transparent Perspex. The cages were placed on capillary mats inside plastic trays filled 
with water. Water was added once a week to ensure plants had constant supply 
through the capillary mat. To access the inside of the cages one of the sides could be 
removed (aphid cages) or there was a “sleeve” made of muslin fabric (parasitoid 
cages).  
Every three weeks, the aphid-infested plants in a cage were replaced with nine 
clean plants from the greenhouse. Six to nine leaves infested with aphids were cut 
from the old plants and placed on top of the new ones to insure maintenance of the 
culture. The aphid-infested plants were then brought to the parasitoid cages. 
Each parasitoid cage was supplied with nine new aphid-infested sprout plants 
every five weeks. Leaves with aphid mummies were imported from other cages, along 
with some adult parasitoids (≈50 individuals) to ensure infestation of the new aphids 
and maintenance of the culture. 
A battery operated aspirator (Maplin Electronics Ltd, Barnsley-Wombwell) (Fig. 
8) was used for collection of adult parasitoids from the cages. Then the parasitoids 
were placed individually inside cylindrical glass vials and with the use of a 10x 
magnifier and white background for contrast with the insect’s dark colour, the sex of 
the insects could easily be assessed by the shape of the abdomen tip. Females possess 
long, pointed ovipositors whereas the male abdomen is more rounded (Fig. 9). All 
A.colemani used in the study were taken from the stock culture immediately before 
each experiment and thus were of unknown age, mating status or oviposition 
experience. 
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Fig. 8 The battery-operated aspirator used for collecting the adult A. colemani from the 
rearing cages. 
 
 
Fig. 9 Female and male adult Aphidius colemani parasitoids. The female’s abdomen has 
a pointed tip, the ovipositor, whereas the male’s abdomen is rounded (Photograph by Simon 
Fellous). 
 
Aphidius ervi were provided in the form of mummies by Martin Torrance, 
Rothamsted Research. The culture at Rothamsted Research was kept at 18±1 ºC and 
photoperiod LD 16:8 h and the parasitoids were reared on Acyrthosiphon pisum on 
5 cm 
INSECTS 
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broad bean plants. Newly-emerged parasitoids were used in the experiments (see 
section 6.2.2). 
2.3 Development times of Aphis fabae and Megoura viciae 
 
A preliminary study obtained data on the timing of the developmental stages of 
the winged gynoparae, wingless virginoparae of A. fabae and winged virginoparae of 
M. viciae. Adult aphids of each morph were allowed to reproduce on bean plants in 
their rearing cabinet. After 24 hours, the adults were removed and the progeny were 
inspected daily for development to the next stadium. Times of moulting to the next 
stadium were noted every 24h. Table 1 shows the mean duration of each stage (days 
±SE).  
 
Table 1 Duration of the developmental stages and time from birth to adult stage (days ±SE) 
of gynoparae (n=35), wingless virginoparae (n=24) of Aphis fabae and winged virginoparae 
of Megoura viciae (n=9). Means in the same column followed by different letters are 
significantly different by Tukey’s Honest Significant Differences (HSD) test. 
Aphid 
species, 
morph 
First 
stadium 
Second 
stadium 
Third 
stadium 
Fourth 
stadium 
Time from birth 
to adult 
A. fabae, 
gynoparae 
3.9±0.1a 3.4±0.1a 3.2±0.07a 5.8±0.1a 16.4±0.2a 
A. fabae, 
wingless 
virginoparae 
3.5±0.1b 2.4±0.1b 2.3±0.1b 3.3±0.1b 11.4±0.1b 
M. viciae, 
winged 
virginoparae 
2.33±0.1c 2.66±0.1b 2.55±0.1b 5.55±0.07a 13.11±0.03c 
 
2.4 Assessment of the effects of parasitism or injections with extracts 
on aphid wingbud/wing morphology and adult development  
 
Aphids were inspected daily for survival, wing development and moulting to the 
next developmental stage. The adults were distinguished by the shape of the cauda 
(Fig. 10), which is distinct and elongate in the adult but short and conical in the 
nymph.  
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The aphids that were mummified (parasitism experiments) or had died (injection 
experiments) during the fourth stadium were scored as showing normal wing 
development when they possessed typical wingbuds or developing towards the 
wingless form (apterised) when they possessed reduced or no wingbuds (Fig. 11). The 
adults were scored as showing normal wing development when they possessed normal 
wings or membranous wings with a variety of deformities and as apterised when they 
possessed rudimentary wingbuds, reduced wingbuds or no wingbuds (Fig. 12). These 
adult winged/wingless intermediate morphs have been described by Hardie (1981) 
and both fourth-stadium and adult forms were assessed using a dissecting microscope.  
 
 
Fig. 10 Shape of the cauda of a) nymph and b) adult of Aphis fabae.  
 
 
Fig. 11 Fourth-stadium Aphis fabae mummies formed after parasitisation of the 
presumptive winged gynoparae by Aphidius colemani: a) with no wingbuds (arrows indicate 
where they would be if present), b) with reduced wingbuds (arrows), c) with typical wingbuds 
(arrows). 
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Chapter 3 
The effect of parasitism on gynopara 
development 
 
3.1 Introduction 
 
Aphid parasitoids complete their larval stages in the haemocoel of the live host 
and spin a cocoon within the empty exoskeleton of the aphid after consuming all the 
haemolymph and internal organs and killing the host. The aphid cuticle containing the 
parasitoid pupa is attached on the leaf surface and is known as a “mummy”. Thus, 
when aphids are parasitised in early stages they never reach the adult stage but instead 
are killed during the fourth nymphal stadium (Hågvar and Hofsvang, 1991). 
On top of preventing development to the adult, parasitism in aphids also causes 
changes in the host’s physiology, behaviour and morphology (Vinson and Iwantsch, 
1980) (see also section 1.3). In various aphid-parasitoid systems, it has been 
established that parasitism inhibits wing development, either fully when aphids are 
parasitised in early stadia or partially when aphids are parasitised later (Johnson, 
1959b; Bonnemaison, 1970; Liu and Hughes, 1984; Christiansen-Weniger and 
Hardie, 1998; 2000; Demmon et al., 2004).  
So far, there is no clear explanation on how inhibition of wing development after 
parasitism is achieved. Two possible mechanisms are proposed: indirect interference 
with the endocrine system or direct action on the affected tissue (Hardie and 
Christiansen-Weniger, 2001). It has been suggested that the endocrine system controls 
both metamorphosis and wing formation through changes in the juvenile hormone 
titres (Johnson, 1959b). Studies (Pennacchio et al., 1995; Christiansen-Weniger and 
Hardie, 2000) fail to support the above, as an extra (supernumerary) moult which 
would be an indication of juvenile hormone excess, is not observed after 
parasitisation. On the contrary, most parasitised aphids do not reach the adult stage. 
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Based on the same studies, Hardie and Christiansen-Weniger (2001) conclude that a 
common mechanism through direct effect on the wingbud tissues, without 
interference with the endocrine system, is more feasible. 
The aim of the present study is to investigate the wing development and 
development through the stadia in aphids after parasitisation with regard to aphid age. 
Thus, Aphidius colemani are allowed to parasitize presumptive winged gynoparae 
Aphis fabae of different ages and the effects on wing development and development 
through the stadia are observed. The study is divided in two parts. For the first part, 
aphids were exposed to parasitoids for 30 minutes. For the second part, aphids were 
exposed to female parasitoids to be stung once with the ovipositor. An egg may or 
may not be laid inside the aphid during the sting or the egg may not develop. 
3.2 Materials and Methods 
3.2.1 Aphids 
 
Gynoparae of known ages were obtained by placing short-day exposed adults 
(section 2.1) on bean plants for 24 h to reproduce. The mothers were removed and the 
progeny reared to the required age and stadium for experiments. Third- and fourth-
stadium aphids were inspected for the presence of wing buds and thus, aphids aged 
day 7 or older with no visible wing buds, were excluded from the experiments, as 
these would develop into wingless adults (section 2.1). 
Gynoparae aged 1-3 days were first-stadium, aged 4-6 were second-stadium and 
those aged 7-10 were third-stadium nymphs. 
3.2.2 Exposure to parasitoids for 30 min 
 
Ten gynoparae of each age group were enclosed in a glass vial (internal 
diameter: 25 mm, length: 75 mm), on a bean plant, with two female (treatment) or two 
male (control- males do not sting the aphids and are used as a control) parasitoids 
from the stock culture. After half an hour, the parasitoids were removed and the 
aphids were then returned to the short-day cabinet to develop. Five to fourteen 
replicates of groups of ten aphids were used. They were inspected daily for the 
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presence of mummies or adults and the presence of typical wingbuds (nymphs) or 
fully developed wings (adults) using a dissecting microscope. 
3.2.3 Exposure to a single oviposition sting 
 
Gynoparae of the same age were placed in a Petri dish (diameter: 50 mm) with a 
female parasitoid from the stock culture and observed. Aphids that were stung by the 
parasitoid were removed immediately to avoid multiple oviposition and any insects 
that may have received a second sting were discarded. The aphids were then returned 
to bean plants and placed in the short-day cabinet to develop. For the control, the 
same procedure was followed without the female parasitoid placed in the Petri dish. 
Five to six replicates of groups of ten aphids were used for each different age and 
treatment. After parasitisation, aphids were inspected daily for the presence of 
mummies or adults and the presence of typical wingbuds (nymphs) or fully developed 
wings (adults) using a dissecting microscope. 
3.2.4 Statistical analysis 
 
The data was in the form of counts expressing the number of adults/ fourth 
stadium mummies or developing as winged/ apterised, respectively for each graph. 
Parasitised groups were compared to the controls with Chi squared test (statistical 
software: R) (d.f. =1) for each different age (Crawley, 2007). A significant value 
(p<0.05) indicated that there was a significant difference between parasitised and 
control groups. The data were plotted as percentages. 
3.3 Results 
3.3.1 Exposure to two parasitoids for 30 min 
 
In the control groups, which were exposed to male parasitoids, all aphids 
reached the adult stage (Fig. 13) but the percentage developing as winged adults was 
not 100% in all cases with treatment at days 1-6 (Fig. 14). This is because wingbuds 
are not present until the third stadium on day 7 and it is not possible to predict 
precisely the adult form before this. 
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In the treatment groups, which were exposed to female parasitoids, the number 
of adults developing was significantly lower (p<0.001) in the 1-8-day-old treatment 
groups compared to the control groups, whereas at days 9 and 10 there was no 
significant difference (p>0.05) (Fig. 13). The number of winged aphids was 
significantly lower (p<0.001) in all the treatment groups, compared to the control 
groups, except at day 10 (p=0.129) (Fig. 14). Up to day 5, all the aphids that 
mummified were fourth stadium and did not possess wingbuds. In those treated from 
day 6 to day 9, there were also fourth-stadium mummies with reduced or normal 
wingbuds. Not all the adults were winged in treatment groups. Some individuals of 
intermediate forms were observed in days 5 to 10. 
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Fig. 13 Percentage (±SE) of Aphis fabae gynoparae developing to the adult stage after 
exposure to 2 female or 2 male Aphidius colemani parasitoids for 30 min (Exposed to 2 
males: n= 56, 134, 47, 52, 49, 73, 64, 63, 66, 68, Exposed to 2 females: n= 55, 99, 70, 52, 63, 
67, 69, 65, 64, 47, χ
2
= 68.21, 129.37, 82.11, 82.14, 55.57, 17.39, 13.58, 33.84, 1.43, non-
calculable (nc) for days 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, respectively) (day 1 to day 8: p<0.001, days 
9 and 10: p>0.05, Exposed to 2 females compared to Exposed to 2 males). 
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Fig. 14 Percentage (±SE) of winged Aphis fabae gynoparae after exposure to 2 female 
or 2 male Aphidius colemani parasitoids for 30 min (Exposed to 2 males; n= 56, 134, 47, 52, 
49, 73, 64, 63, 66, 68, Exposed to 2 females; n= 55, 99, 70, 52, 63, 67, 69, 65, 64, 47, χ
2
= 
60.30, 81.93, 67.27, 82.14, 64.63, 53.54, 62.31, 29.20, 17.90, 2.30 for days 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, respectively) ( day 1 to day 9: p<0.001, day 10: p>0.05, Exposed to 2 females 
compared to Exposed to 2 males).  
 
3.3.2 Exposure to a single oviposition sting 
 
In the control groups (not in contact with parasitoids) all aphids developed to the 
adult stage (Fig. 15) but the percentage developing as winged adults was not 100% in 
all cases with treatment at days 1 to 6 (Fig. 16). This is because for aphids of the first 
two stadia it is not possible to select precisely the presumptive winged gynoparae. 
The number of aphids reaching the adult stage was significantly lower (p<0.001) 
in all parasitised groups compared to the control, except for day 10-treated insects 
(p=0.074) (Fig. 15). The number of aphids showing normal wing development was 
also significantly lower in the groups parasitised on days 1 to 9 (p<0.001) compared 
to the control groups but not on day 10 (p=0.254) (Fig. 16). In the parasitised groups 
up to day 6; all aphids that mummified in the fourth stadium possessed reduced 
wingbuds or no wingbuds at all. From day 7 to day 10, there were also mummies with 
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normal wingbuds. Not all the adults were fully winged in parasitised groups. Some 
winged/wingless intermediate forms (rudimentary or reduced wingbuds) were 
observed when treatment occurred on days 5 to 10. 
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Fig. 15 Percentage (±SE) of Aphis fabae gynoparae developing to the adult stage after 
single sting parasitism by female Aphidius colemani parasitoids or no treatment  (Control; n= 
45, 55, 42, 43, 44, 57, 59, 58, 54, 58, Parasitised aphids; n= 37, 42, 51, 33, 42, 40, 44, 45, 46, 
60, χ
2
= 70.45, 91.41, 71.39, 45.17, 67.70, 58.43, 48.40, 25.41, 15.13, 3.20 for days 1, 2, 3, 4, 
5, 6, 7, 8, 9, 10, respectively) (day 1 to day 9: p<0.001, day 10: p>0.05, Parasitised aphids 
compared to Control). 
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Fig. 16 Percentage (±SE) of winged Aphis fabae gynoparae developing after single 
sting parasitism by female Aphidius colemani parasitoids or no treatment (Control; n= 45, 55, 
42, 43, 44, 57, 59, 58, 54, 58, Parasitised aphids; n= 37, 42, 51, 33, 42, 40, 44, 45, 46, 60, χ
2
= 
70.33, 89.04, 70.78, 41.53, 71.06, 77.47, 56.16, 37.40, 9.34, 1.30 for days 1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, respectively) (day 1 to day 8: p<0.001, day 9: 0.001<p<0.01, day 10: p>0.05, 
Parasitised aphids compared to Control). 
 
3.4 Discussion 
 
Early parasitism prevents normal metamorphosis and the majority of aphids 
parasitised during the first and second stadia never reach the adult stage, but 
mummify in the fourth stadium with wing development completely suppressed. Those 
parasitised during the third stadium increasingly show development to the adult stage, 
and normal wing development as parasitism is effected through the stadium. The 
results confirm earlier work with other parasitoid-aphid systems. Thus,  Aphidius 
platensis causes complete apterisation and developmental arrest after parasitism of 
first- and early second-stadium Aphis craccivora (Johnson, 1959b) and Diaeretiella 
rapae exerts similar effects on winged virginoparae and males of Brevicoryne 
brassicae (Bonnemaison, 1970). Almost all presumptive winged nymphs of 
Hypermyzus lactucae parasitised by Aphidius sonchi in the first stadium have no 
wingbuds in the third stadium (Liu and Hughes, 1984). Similar results are seen after 
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parasitisation by Aphidius ervi in early stadia presumptive winged morphs of Sitobion 
fragariae (Christiansen-Weniger and Hardie, 1998) and Acyrthosiphon pisum 
(Christiansen-Weniger and Hardie, 2000). Disruption of wing development in A. 
pisum by A. ervi causes an increase in host adult size and an increase in adult 
parasitoid size and fitness as the metabolic effort of the aphid supporting wing 
production is made available to the developing parasitoid (Demmon et al., 2004). 
Different winged aphid morphs are used in the studies mentioned above (winged 
virginoparae of A. craccivora (non-host-alternating) (Johnson, 1959b), winged 
virginoparae and males of B. brassicae (non-host alternating) (Bonnemaison, 1970), 
winged virginoparae of H. lactucae (host-alternating) (Liu and Hughes, 1984), winged 
virginoparae, males and gynoparae of S. fragariae (host-alternating) (Christiansen-
Weniger and Hardie, 1998) and winged virginoparae and males of A. pisum (non-
host-alternating) (Christiansen-Weniger and Hardie, 2000). Different parasitoids have 
the same effect on the different morphs, whether they are genetically determined 
(males) or induced by different environmental factors (winged virginoparae and 
gynoparae). Hardie and Christiansen- Weniger (2001) conclude that the parasitoid 
effect on wing development is common, regardless of the different wing induction 
factors and suggest that it is possible that there is a direct effect on the wingbud tissue, 
rather than an interference with the aphid endocrine system. 
The parasitoid Binodoxus communis has been reported not to cause disruption of 
wing development in Aphis glycines (Wyckhuys et al., 2008) but this is probably 
because only fourth-stadium presumptive winged nymphs have been used and if 
earlier stadia have been parasitised, inhibition of wing development might have been 
observed. 
There is evidence that the active component(s) which causes apterisation is 
injected along with the egg during oviposition and is not related to the development or 
feeding of the parasitoid larva (Christiansen-Weniger and Hardie, 1998). Thus, wing 
development is disrupted in aphids with normal wingbuds parasitised during the third 
stadium. Some individuals develop reduced wingbuds as adults, but do not mummify, 
so there is an effect on wing development, even though an egg is not deposited or the 
parasitoid larva does not develop (Hardie and Christiansen-Weniger, 2001). Under the 
experimental conditions in the present study, the parasitoid larvae hatch from the egg 
c. 7 days after oviposition in A. fabae gynoparae (personal observation) and by this 
time, A.fabae nymphs that were parasitised in the second larval stage, have reached 
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the fourth stadium. The normal wingbuds would be visible by this time, but it seems 
that the factors that affect the wing induction have been active already. This indicates 
that the early stages of parasitisation, prior to larval eclosion from the egg, are 
influential and is supported by a previous study on parasitism of A. pisum by A. ervi 
(Christiansen-Weniger and Hardie, 2000). Liu and Hughes (1984) also suggest that 
the parasitoid begins to interfere with wing development before it starts any 
destructive feeding. 
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Chapter 4 
Effects of parasitoid extracts on wing 
formation and adult development of Aphis 
fabae 
 
4.1 Introduction 
 
Parasitism by Aphidius colemani causes eventual death, as well as inhibition of 
wing development in Aphis fabae gynoparae (Chapter 3). The exact mechanism of 
this host regulation action is not yet known but the timing of the events suggests that 
the factor responsible derives from the female parasitoid.  
Venom and calyx fluids are maternal products that are injected along with the 
egg in the host’s body and are proven to be factors of host regulation (Stoltz, 1986; 
Beckage and Gelman, 2004). The venom apparatus is of ectodermal origin and 
consists of the venom glands, venom reservoir and muscle (Quicke, 1997). The basis 
of the morphology is almost universal amongst the Hymenoptera. Venoms in 
particular have been used as investigatory tools (Jones and Coudron, 1993) in a 
number of studies for host regulation.  
Injection of parasitoid-derived products is a common method used in studies on 
host regulation and is useful as it provides information on effects of these products on 
the development, physiology and morphology of the host without the added 
complexity of the developing parasitoid larva. The method has been used successfully 
in several parasitoid-host systems (Zhang and Dahlman, 1989; Gupta and Ferkovich, 
1998; Parkinson and Weaver, 1999; Nussbaumer et al., 2002; Hegazi et al., 2005; 
Ergin et al., 2006; Suzuki and Tanaka, 2006) and is usually one of the first steps in the 
process of investigating the host regulation mechanism and identifying active 
compounds.  
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Extraction methods for venom collection include extraction from homogenates 
of whole insects, sting apparatuses removed from ethanol-fixed, deeply frozen, 
recently killed or immobilised living insects (Piek, 1986). Collection is also possible 
after stimulation of the insect and ejection of venom. In the present study, crude 
whole body and abdomen extracts from A. colemani are used to provide a first 
indication of the activity and then venom, ovary and ovary+venom extracts are used.  
Evidence presented by Digilio et al. (1998; 2000) on the Acyrthosiphon pisum- 
Aphidius ervi system, indicates that parasitoid venom  injected into early fourth-
stadium aphid-hosts causes complete host castration and blocks the final moult (from 
fourth-stadium nymph to the adult stage). It is suggested that the parasitoid venom 
acts as a host regulation factor, directly degenerating the female aphid gonads. It is 
possible that host regulation factors contained in the venom are responsible for wing 
inhibition as well, and that they also act directly on the wingbud tissue (Hardie and 
Christiansen-Weniger, 2001). In this chapter, the host-regulation activity of parasitoid 
extracts is examined in a different host-parasitoid system. 
A microinjection method is used for a series of experiments where non-
parasitised black bean aphids are injected with saline extracts from female and male 
(initially as a control) parasitoid tissue. The biological effects of the A. colemani 
extracts are evaluated through their injection into 3 different A. fabae phenotypes 
(gynoparae, winged and wingless virginoparae) at different ages. The injections allow 
for parasitoid material to be inserted into the body of the aphid host and the effects 
can be monitored without the confounding effects of parasitoid egg/larva 
development. Parasitoid extracts are also used after potential deactivation treatments 
(exposure to 100 °C or digestion with protease).  
The aim in this chapter is to determine the biological effect of parasitoid 
materials on wing development and on the development of the aphid-host through the 
stadia. 
4.2 Materials and methods 
4.2.1 Aphids 
 
Gynoparae and wingless virginoparae of known ages were obtained by placing 
short- or long-day exposed adults, respectively, on bean plants for 24 h to reproduce. 
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The mothers were removed and the progeny reared to the required age and stadium 
for experiments.  The third- and fourth-stadium gynoparae and winged virginoparae 
were inspected for the presence of wingbuds and thus, aphids with no visible 
wingbuds were excluded from the experiments, as these would develop into wingless 
adults. Wingless virginoparae with no wingbuds in the third and fourth stadia, were 
also investigated. 
Late-second stadium gynoparae were 6 days old, early-third stadium gynoparae 
were 7 days old, late-third stadium gynoparae were 10 days, early-fourth stadium 
gynoparae were 11 days, mid-fourth stadium were 13 days and late-fourth stadium 
gynoparae were 16 days old. For wingless virginoparae, early-third stadium were 6 
days old, late-third stadia were 8 days, early-fourth stadia were 9 days and late-fourth 
stadia were 11 days old. For winged virginoparae it was not possible to know the 
exact age of the insects used due to the method of rearing, so they were assessed as 
being third- or fourth-stadium after observation of the wingbuds. 
4.2.2 Preparation of parasitoid extracts 
 
Extracts were prepared from the whole body, the abdomen, and the head and 
thorax of female and male parasitoids as well as venom, ovary and ovary+venom 
extract from female parasitoids in Pringle’s saline (Table 2). Saline was always kept 
frozen and was defrosted prior to use.  
 
Table 2 Recipe for Pringle’s saline (Pringle, 1938).  
NaCl 0.9 g 
KCl 0.02 g 
CaCl2 0.02 g 
Dextrose 0.4 g 
Water (double distilled) 100 ml 
 
Parasitoids were collected from the rearing cages and anaesthetized with CO2. 
For the preparation of whole female or male parasitoid extract, separate sexes (for 
identification of parasitoids sex, see section 2.2) were put into an Eppendorf tube with 
the required volume of Pringle’s saline (Pringle, 1938) and ruptured with a pellet 
pestle (Techmate Ltd, Milton Keynes, UK). After centrifugation at 13000 g for 5 
minutes, the supernatant was recovered and adjusted to the required concentration of 
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parasitoid equivalents/ µl (0.1, 0.02, 0.01 and 0.1 eq/ µl for female and male whole 
insect extracts respectively).  
For the preparation of female or male abdomen and head+thorax extracts, 
parasitoids of the same sex were anaesthetized, placed on a glass slide and were 
bisected at the waist, using a razor blade fragment. Afterwards, both parts were kept 
separately in Eppendorf tubes and the two extracts were prepared as decribed above 
(0.1 eq/ µl for both female and male abdomen or head+thorax extracts). 
In Hymenoptera, the first abdominal segment is infused with the thoracic 
segments and forms the propodeum. Thus, the waist does not lie between the thorax 
and the abdomen but between the first and the second abdominal segments. The 
swollen part of the abdomen behind the waist is called gaster (Chapman, 1998) and is 
what was used for the preparation of the extracts. For simplicity, the extracts are 
called abdomen/ head+thorax extracts although this is not exactly the case. 
For the venom extract, the abdomens of intact female parasitoids were placed in 
a drop of Pringle’s saline on a microscope slide and the ovipositor was pulled out 
gently with fine forceps (number 5, Dumont & Fils, Switzerland). Both ovaries and 
venom glands remain attached to the ovipositor and were placed in saline for the 
ovary+venom extract (1.5 eq/ µl), whereas only the venom glands or only the ovaries 
were kept in saline for the venom (1.5 eq/ µl) or ovary (1.5 eq/ µl) extract, 
respectively. The tissues were ruptured in an Eppendorf tube with a pellet pestle and 
after centrifugation at 13000 g for 5 minutes, the supernatant was recovered.  
Whole female, venom and male abdomen extracts were also used after potential 
deactivation treatments. For the treatment at 100 °C, Eppendorf tubes containing the 
extracts were placed in a beaker with boiling water for 5 min then centrifuged for 5 
min at 13000g and the supernatant recovered. For the digestion with protease, venom 
extract was incubated with protease (Protease K-Acrylic beads, P0803, Sigma-
Aldrich, St Luis, MO, USA) at 37
 o 
C for 3 h, in constant agitation, then was 
centrifuged at 13000g for 1 min, the supernatant was placed in a clean tube and 
centrifuged again at 13000g for 1 min and finally the supernatant was recovered and 
used in the bioassays. For the protease treatment the control comprised of venom 
extract held at 37 °C for 3 h, without protease.  
All extracts were used immediately or stored at -80 ºC for future use. The 
procedures were similar to those described by Digilio et al. (1998; 2000). Before 
Chapter 4 – Injections of parasitoid extracts                                                                                                50                                                                                                                                 
 
injection, the extract was defrosted and if necessary saline was added to the required 
concentration. 
4.2.3 Injection procedures 
 
Saline injections were used as a control to the injections of A. fabae gynoparae 
with parasitoid extracts, together with sham injections, where the glass pipette was 
just inserted into the body and carefully removed, without any injection into the aphid. 
Preliminary data was also collected for untreated aphids. Furthermore, extracts were 
also tested for activity after potential deactivation treatments. Injections with whole 
female extract and saline were also made in winged and wingless virginoparae. 
Injections were performed using the A203XVY Nanoliter Injector (World 
Precision Instruments, Florida, USA) (Fig. 17). A glass capillary was pulled using a 
Vertical Pipette Puller (model 700C, David Kopf Instruments, California, USA), to 
form a fine tip. It was then filled with liquid paraffin (SpectrosoL, BDH Laboratory 
Supplier, Poole, UK) using a hypodermic needle (MicroFil™, World Precision 
Instruments, Florida, USA), before being attached to the injector head. Some of the 
liquid paraffin was then expelled and the capillary tip was filled with either the 
parasitoid extract or saline. The injection volume used in the study was 4.6 nl.  
 
 
Fig. 17 Nanoliter Injector (from Nanoliter Injector Instruction Manual). 
 
The aphids were held, dorsal side down, on a plastic pipette tip (200µl, yellow 
pipette tip) using an air suction device (Medcalf Bros Ltd, Potters bar, Herts, UK) in 
order to restrict movement (Fig. 18, 19) and were injected by the glass capillary 
through the basal membrane of a hind leg (Fig. 19). The whole procedure was done 
under a dissecting microscope. The Nanoliter Injector was mounted on a 
5 cm 
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micromanipulator (Carl Zeiss Jena Ltd, Borehamwood, Herts, UK) to facilitate and 
control movement.  
 
 
Fig. 18 Injection set-up. Nanoliter Injector mounted on a micromanipulator. The aphid 
was placed onto a pipette tip, at the end of an air suction device to restrict its movement. The 
whole procedure was done under a dissecting microscope. 
 
 
Fig. 19 Fourth-stadium Aphis fabae gynoparae held by suction on a pipette tip and 
injected with the glass capillary through the basal membrane of a hind leg.  
 
1 mm 
Pipette tip 
Glass capillary 
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Third- and fourth-stadium gynoparae, winged and wingless virginoparae were 
injected after inspection for the presence of normal wing buds in gynoparae or winged 
virginoparae. Second-stadium gynoparae were injected as well, with venom extract. 
Different concentrations (insect equivalents/ µl) were used for the different extracts 
(0.1, 0.02, 0.01 eq/ µl for the whole female, 0.1 for the whole male, female and male 
abdomen or head+thorax, 1.5, 0.15, 0.015 eq/ µl for the venom, 1.5 eq/ µl for the 
ovary and ovary+venom extracts). After injection the aphids were placed on tick bean 
seedlings (5-10 individuals per plant) and returned to the conditions in which they had 
been reared. They were inspected daily for survival, moulting and wing development. 
The aphids that were found dead while moulting from one stadium to the other 
were scored as dying in the stadium from which they were trying to moult. For 
example, insects that died while moulting from the fourth stadium to the adult were 
scored as dying in the fourth stadium. 
4.2.4 Statistical analysis 
 
The data were in the form of counts expressing the number of adults/ dead 
nymphs or aphids developing as winged/ apterised. Treatments were compared to the 
controls with Chi squared test (statistical software: R) (d.f. =1) for each different age 
or different treatment (Crawley, 2007). A significant value (p<0.05) indicated that 
there was a significant difference between the groups that were compared. The data 
were plotted as percentages.  
The data on aphids dying while moulting to the adult stage after injection were 
also compared with the Chi squared test. The Kruskal-Wallis test was used for the 
analysis of the time from injection to death and the duration of the fourth stadium 
after injection.   
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4.3 Results  
4.3.1 Injections in presumptive winged Aphis fabae gynoparae 
4.3.1.1 Control injections  
 
There was no significant difference (p>0.05) between the results of sham and 
saline injections in any of the different ages (late second-, late-third, early-fourth and 
late-fourth stadium) treated (Fig. 20). In third- and fourth-stadium, 85-93% of the 
injected aphids developed to the adult stage and they were all winged. In late second-
stadium, 46% of the sham-injected and 55% of the saline-injected aphids developed to 
the adult stage and 83%±8.0 (±SE), 71%±11.1 (±SE) (sham and saline injections 
respectively) of them were winged. There was no significant difference between 
saline and sham-injection with respect to winged-apterised adults (χ
2
=0.27, p=0.61).  
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Fig. 20 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at four different ages (late second-, late third-, early fourth-, late fourth-stadium) 
with empty needle (sham injection) or saline (Saline: n=29, 51, 48, 55, Sham: n=33, 48, 47, 
59,  χ
2
= 0.26, 0.01, 0.001, 1.09, for late-second, late-third, early-fourth and late-fourth groups, 
respectively) (ns= p>0.05, Sham compared to Saline). 
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4.3.1.2 Injections with whole parasitoid extracts 
 
     -whole female extract 
Injection with whole female extract (0.1 eq/ µl) prevented the majority of third- 
and early fourth-stadium aphids developing to the adult stage (Fig. 21). The number 
of saline-injected aphids developing to adult was significantly higher (p<0.001) in 
early third-, late third- and early fourth-stadium groups, compared to those injected 
with extract but there was no significant difference  in the mid- (p=0.226) and late-
fourth stadium (p=0.817). 
In the treatment groups, aphids that died as fourth-stadium nymphs, often 
showed an abnormally long duration in this stage (see section 4.3.1.5) and often died 
mid-way through ecdysis, usually with a split in the cuticle along the dorsal ecdysial 
line (Fig. 22). 
In both treatments, all the individuals that developed to the adult stage were 
categorised as winged.  
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Fig. 21 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at five different ages (early third-, late third-, early fourth-, mid fourth-, late fourth-
stadium) with whole female Aphidius colemani extract (0.1 eq/ µl) (Saline: n=50, 49, 43, 37, 
97, Whole female 0.1 eq/ µl: n=44, 45, 32, 35, 89, χ
2
= 35.36, 18.88, 16.07, 1.47, 0.05, for 
early third-, late third-, early-fourth, mid-fourth and late-fourth groups, respectively) ( ns = 
p>0.05, *** = p< 0.001, Whole female 0.1 eq/ µl compared to Saline). 
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Fig. 22 Fourth-stadium Aphis fabae nymph that died mid-way through ecdysis with a 
split in the cuticle along the dorsal ecdysial line after injection with whole female parasitoid 
extract. 
 
After injection with x5 dilution of the whole female extract (0.02 eq/ µl) (Fig. 
23), the percentages of aphids that developed to the adult stage were higher than those 
that developed after injection with 0.1 eq/ µl whole female extract (see previous 
paragraph, Fig. 21), but still there was an effect caused by the injection with the 
parasitoid extract. In third- and early fourth-stadium aphids, there was a significant 
difference between the saline- and extract-injected groups (p<0.01), but not in the late 
fourth-stadium (p=0.111). As in the previous experiment, in the treatment groups, 
aphids that died as nymphs often died whilst trying to moult. 
In both treatments, all the individuals that developed to the adult stage were 
winged.  
 
1 mm 
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Fig. 23 Percentage (± SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at three different ages (third-, early fourth-, late fourth-stadium) with whole female 
Aphidius colemani extract (0.02 eq/ µl) (Saline: n= 77, 81, 40, Whole female 0.02 eq/ µl: n= 
71, 122, 50, χ
2
= 9.54, 13.98, 2.54, for third, early fourth and late fourth groups, respectively) 
(ns = p>0.05, ** = 0.001<p<0.01, *** = p<0.001, Whole female 0.02 eq/ µl compared to 
Saline). 
 
After injection with x10 dilution of the whole female extract (0.01 eq/ µl) (Fig. 
24), the number of aphids that developed to the adult stage was even higher than in 
the two previous cases (Fig. 21 and 23). In the groups of fourth-stadium aphids, there 
was no significant difference (p=0.791, 0.438 for early- and late-fourth groups 
respectively) between the saline- and the extract-injected insects, but in the third-
stadium group, significantly more (p=0.042) saline-injected aphids moulted to the 
adult stage. 
In both treatments, all the individuals that developed to the adult stage were 
winged.  
Fig. 25 shows a summary of the results of the injections with the three different 
concentrations of the whole female extract into three different ages of gynoparae. 
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Fig. 24 Percentage (± SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection in three different ages (third, early fourth, late fourth stadium) with whole female 
Aphidius colemani extract (0.01 eq/ µl) (Saline: n= 51, 48, 55, Whole female 0.01 eq/ µl: n= 
53, 50, 41, χ
2
= 4.14, 0.07, 0.60, for third, early fourth and late fourth groups, respectively) (ns 
= p>0.05, * = 0.01<p<0.05, Whole female 0.01 eq/ µl compared to Saline). 
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Fig. 25 Percentage (± SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection with three different concentrations (0.1, 0.02 and 0.01 eq/ µl) of whole female 
Aphidius colemani extract at three different ages (late third, early fourth and late fourth). 
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-whole male extract 
Injection with whole male extract (0.1 eq/ µl) prevented the majority of third-
and early fourth-stadium aphids developing to the adult stage (Fig. 26). The number 
of saline-injected aphids developing to adult was significantly higher (p<0.001) in 
third- and early fourth-stadium aphids, compared to those injected with extract but 
there was no significant difference (p=0.163) in the late fourth-stadium group.  
In the treatment groups, aphids that died as fourth-stadium nymphs often died 
during their attempt to moult to the adult stage (see section 4.3.1.5).  
In both treatments, all the individuals that developed to the adult stage were 
identified as winged.  
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Fig. 26 Percentage (±SE) of Aphid fabae gynoparae moulting to the adult stage after 
injection at three different ages (late third-, early fourth- and late fourth-stadium) with male 
Aphidius colemani whole insect extract (0.1 eq/µl) (Saline: n= 48, 43, 97, Whole male 0.1 eq/ 
µl: n= 44, 37, 48, χ
2
= 17.27, 27.68, 1.94, for third, early fourth and late fourth groups, 
respectively) (ns = p>0.05, *** = p<0.001, Whole male 0.1 eq/ µl compared to Saline). 
 
4.3.1.3 Injection with abdomen or head+thorax parasitoid 
extracts 
- female abdomen/ head+thorax extract 
Injection with female head+thorax allowed the majority of aphids to develop to 
the adult stage and data were similar to saline-injected controls (p=0.340, p=0.830, 
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p=0.202 for late third-, early fourth- and late fourth-stadium, respectively) (female 
head+thorax, Fig. 27 compared to saline, Fig. 21). The injection with the female 
abdomen extract, however, had effects analogous to the whole-female extract with 
few aphids moulting to the adult in the late-third and early fourth-stadium groups 
(p<0.001), whereas injection in the late fourth-stadium group most aphids developed 
to adult (p=0.449) (Fig. 27; female head+thorax compared to female abdomen 
extract). After both female head+thorax and abdomen extract injection, adults were 
winged.  
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Fig. 27 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at three different ages (late third-, early fourth- and late fourth-stadium) with female 
Aphidius colemani head+thorax or abdomen extract (0.1  eq/µl) (Female head+thorax n= 49, 
50, 48, Female abdomen n= 48, 51, 49, χ
2
= 52.82, 15.90, 0.57, for late third- early fourth- and 
late fourth stadium groups, respectively) (ns = p>0.05, *** = p<0.001, Female abdomen 
compared to Female head + thorax). 
 
-male abdomen/ head+thorax extract 
Few aphids injected with the male abdomen extract at late-third stadium, 
moulted to the adult stage whereas most of those injected with the male head+thorax 
extract did so (p<0.001; male head+thorax compared to male abdomen extract) (Fig. 
28). Male head+thorax extract data were again similar to saline controls (p=0.384 for 
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late third stadium; male head+thorax, Fig. 28 compared to saline, Fig. 26). In both 
treatments, adults were winged.  
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Fig. 28 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at late third stadium with male Aphidius colemani head+thorax or abdomen extract 
(0.1 eq/ µl) (Male head+thorax: n= 46, Male abdomen: n= 44, χ
2
= 19.38) (*** = p<0.001, 
Male abdomen compared to Male head+thorax). 
 
4.3.1.4 Injection with female parasitoid venom, ovary or 
ovary+venom extracts 
 
- venom extract 
Injection with venom extract prevented the majority of late second- and late 
third-stadium aphids developing to the adult stage (Fig.29). The number of saline-
injected aphids developing to the adult was significantly higher in both cases 
(p<0.001).  
As with previous active extracts, in the venom-injected groups, aphids that died 
as fourth-stadium nymphs, often showed an abnormally long duration in this stage 
(see section 4.3.1.5) and were found with their bodies in a moulting position, usually 
with a split in the cuticle along the dorsal ecdysial line. 
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From those injected at late third-stadium, all the individuals that reached the 
adult stage were winged. 
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Fig. 29 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at two different ages (late second- and late third-stadium) with Aphidius colemani 
venom extract (1.5 eq/µl) (Saline n= 54, 67, Venom 1.5 eq/ µl n= 56, 60, χ
2
= 23.17, 10.19, for 
late second- and late third- stadium groups respectively) (*** = p<0.001, Venom 1.5 eq/ µl 
compared to Saline). 
 
- wing development after injection with venom extract 
When injected with venom extract in late second stadium, the majority of the 
aphids did not develop to the adult stage, but once they reached the fourth stadium, it 
was possible to observe the development of the wingbuds. From the total number of 
aphids reaching the adult stage and the fourth stadium after injection with the venom 
extract (only in those two stages was it possible to make observations on the 
development of wings or wingbuds), 52% were assessed as developing into apterised 
forms (Fig. 30). They possessed rudimentary wingbuds (Fig. 31) that were sometimes 
asymmetrical with one side being less developed than the other. In comparison to the 
saline control, significantly fewer (p<0.001) aphids developed into winged after 
injection with the venom extract.  
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Fig. 30 Percentage (±SE) of Aphis fabae gynoparae showing normal wing development 
after injection at late second stadium with Aphidius colemani venom extract (1.5 eq/µl) 
(Saline n= 54, Venom 1.5 eq/ µl n= 56, χ
2
= 13.47) (*** = p<0.001, Venom 1.5 eq/ µl 
compared to Saline). 
 
 
Fig. 31 Fourth stadium gynoparae aphids with (a) normal and (b) rudimentary 
wingbuds (indicated with black arrows) after injection with Aphidius colemani venom extract 
at late second stadium. 
 
When injected at late third stadium with x10 dilution (0.15 eq/µl) of the initial 
concentration of the venom extract there was still a significant difference (p=0.001) 
between treatment and control, whereas when injected with x100 dilution (0.015 
a b 
1 mm 
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eq/µl) of the initial concentration, there was no significant difference (p=0.213) 
between control and treatment (Fig. 32). 
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Fig. 32 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at late third-stadium with 3 different concentrations of Aphidius colemani venom 
extract (1.5, 0.15, 0.015 eq/µl, respectively) (Saline n= 32, Venom n= 60, 34, 33, χ
2
= 26.70, 
10.19, 1.55, for 1.5, 0.15, 0.015 eq/µl venom extract, respectively) (*** = p<0.001, 
**=0.001<p<0.01, ns=p>0.05, each treatment compared to Saline). 
 
-ovary or ovary+venom extract 
When injected with ovary or ovary+venom extract at the late third stadium, 
significantly fewer (p<0.001) aphids moulted to the adult stage compared to the saline 
control (Fig. 33). There was no significant difference between the numbers of aphids 
that moulted to the adult following injection with venom or ovary+venom extract 
(p=0.180). Significantly more aphids moulted to the adult after injection with ovary 
extract compared to venom (p=0.011) or ovary+venom (p=0.001) extract. 
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Fig. 33 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at late third-stadium with Aphidius colemani venom, ovary or ovary+venom extract 
(1.5 eq/µl) (Saline n= 67, Venom n= 60, χ
2
= 10.19; Ovary n=30, χ
2
= 11.44; Ovary+venom 
n=35, χ
2
= 48.52) (*** = p<0.001, each treatment compared to Saline). 
 
4.3.1.5 Developmental arrest 
 
When injected in the late-second or late-third stadium with venom extract, 
significantly more aphids died attempting to moult to the adult stage, with the cuticle 
split along the dorsal ecdysial line, compared to the saline (Table 3). Comparisons of 
the numbers of aphids dying while attempting to moult to the adult stage for the other 
active extracts and their equivalent controls show similar results (Table 3). 
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Table 3 Percentage of aphids (±SE) dying moulting to the adult stage. Treatments 
were compared with the Chi-squared test. 
Chi-squared test 
Stadium Treatment 
% aphids 
dying at the 
final moult 
SE n 
χ
2 d.f. p 
Saline 9.1 6.1 22    Late 
second Venom 40 6.6 55 5.63 1 0.02 
Saline 13.3 8.8 15    
Venom 55.8 6.9 52 6.81 1 0.01 
Saline 10.5 7.0 19    
Whole female 0.1 eq/ 
µl 
62.5 8.6 32 11.1 1 <0.001 
Female head+thorax 0 0 9    
Female abdomen 55.6 7.4 45 7.21 1 0.007 
Saline 10.5 7.0 19    
Whole male 0.1 eq/ µl 78.4 6.8 37 20.72 1 <0.001 
Male head+thorax 22.2 9.8 18    
Male abdomen 71.1 7.4 38 9.89 1 0.002 
Saline 13.3 8.8 15    
Ovary 55.6 11.7 18 4.61 1 0.032 
Late 
third 
Ovary+venom 79.4 6.9 34 16.17 1 <0.001 
 
In all active extracts, aphids that died as fourth-stadium nymphs, often showed 
an abnormally long duration in this stage before dying while attempting to moult. 
Comparison of the duration of the fourth stadium (days±SE) of active-extract injected 
aphids with the equivalent controls showed that injection with active extract in late-
third stadium extends the fourth stadium (Table 4). Active abdominal extracts also 
prolonged the duration of the fourth stadium compared to the inactive head+thorax 
extract (female abdomen compared to female head+thorax; male abdomen compared 
to male head+thorax). Data are from the groups that were injected at late third 
stadium. 
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Table 4 Comparison of the duration of the fourth nymphal stadium of Aphis fabae winged 
gynoparae between aphids injected with parasitoid extracts at late third stadium and the 
equivalent control.  
Kruskal-Wallis test 
Treatment Days SE n 
H value d.f. p 
Saline 5.31 0.1 35    
Whole female 0.1 eq/ µl 7.29 0.5 34 16.41 1 <0.001 
Whole male 0.1 eq/ µl 9.03 1.4 34 31.35 1 <0.001 
Venom 10.64 0.3 33 49.87 1 <0.001 
Ovary+venom 12.85 0.6 33 37.79 1 <0.001 
Ovary 11.67 0.7 18 27.75 1 <0.001 
Female head+thorax 6.13 0.1 40    
Female abdomen 9.69 0.2 45 60.47 1 <0.001 
Male head+thorax 7.53 0.6 17    
Male abdomen 9.33 0.3 37 15.02 1 <0.001 
 
For the aphids that were found dead before reaching the adult stage, comparison 
of the time from injection to death, shows that the extract-injected aphids die 
significantly later (9.95±0.33; days±SE) than those injected with saline (5.63±0.23; 
days±SE) (Table 5). Individual comparisons between the active-extract injected 
aphids and the equivalent control for all the different ages are shown in Table 6. All 
active extracts cause death of the injected aphids significantly later than the equivalent 
controls for all the different ages, except for female abdomen and whole male 0.1 eq/ 
µl injected at fourth stadium and male abdomen injected at late third stadium. 
 
Table 5 Comparison of the time from injection (at late third stadium) to death between the 
active-extract (Whole female 0.1 eq/ µl, Female abdomen, Venom 1.5 eq/ µl, Whole male 0.1 
eq/ µl, Male abdomen) injected Aphis fabae gynoparae and the saline control.  
Kruskal-Wallis test 
Stage Treatment 
Number 
of dead 
aphids 
Median days 
from injection to 
death H value d.f. p 
Saline 43 5 
Late third 
Active extracts 206 10 
52.85 1 <0.001 
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Table 6 Comparison of the time from injection to death between the active-extract injected 
Aphis fabae gynoparae and the equivalent control for all the different ages.  
Kruskal-Wallis test 
Stage Treatment 
Number 
of dead 
aphids 
Median days 
from injection 
to death 
H 
value 
d.f. p 
Saline 14 6.5 
Early third 
Whole female 0.1 eq/ µl 40 10 
13.7 1 <0.001 
Saline 19 5 
Whole female 0.1 eq/ µl 32 9 Late third 
Whole female 0.01 eq/ µl 13 8 
12.97 2 0.002 
Saline 11 6 
Whole female 0.1 eq/ µl 23 10 Early fourth 
Whole female 0.01 eq/ µl 6 4.5 
21.67 2 <0.001 
Saline 12 4 
Whole female 0.1 eq/ µl 13 8 Late fourth 
Whole female 0.01 eq/ µl 3 5 
10.25 2 0.006 
Female head+thorax 9 9 
Late third 
Female abdomen 45 10 
10.11 1 0.002 
Female head+thorax 4 6 
Early fourth 
Female abdomen 23 6 
0.17 1 0.682 
Female head+thorax 2 3 
Late fourth 
Female abdomen 5 3 
0.6 1 0.439 
Saline 19 5 
Late third 
Whole male 0.1 eq/ µl 37 10 
12.88 1 <0.001 
Saline 11 6 
Early fourth 
Whole male 0.1 eq/ µl 39 8 
3.69 1 0.055 
Saline 12 4 
Late fourth 
Whole male 0.1 eq/ µl 11 3 
0.21 1 0.644 
Male head+thorax 18 9 
Late third 
Male abdomen 38 10 
1.95 1 0.158 
Saline 22 3 
Late second 
Venom 1.5 eq/ µl 55 10 
11.94 1 <0.001 
Saline 15 5 
Venom 1.5 eq/ µl 52 14 
Venom 0.15 eq/ µl 25 11 
Late third 
Venom 0.015 eq/ µl 5 7 
22.46 3 <0.001 
Saline 15 5 
Venom 52 14 
Ovary 18 14 
Late third 
Ovary+venom 34 14 
23.75 3 <0.001 
 
4.3.1.6 Potential deactivation treatments of parasitoid extracts 
 
- whole female extract heated at 100 °C 
The majority of A. fabae third-stadium gynoparae developed to the adult stage 
after injection with heated whole female extract (Fig. 34). That number was 
significantly different from the number of aphids that moulted to the adult after 
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injection with unheated whole female extract (p<0.001). There was no significant 
difference (p=0.34) between the saline-injected and the heated extract-injected groups. 
In all treatments, all the individuals that developed to the adult stage were 
winged.  
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Fig. 34 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection with heated or unheated whole female Aphidius colemani extract (0.1 eq/ µl) 
(Saline: n=49, Whole female 0.1 eq/ µl heated at 100 °C: n= 49, χ
2
=0.91; Whole female 0.1 
eq/ µl: n=45, χ
2
=18.88) (ns = p>0.05, *** = p<0.001, each treatment compared to Saline). 
 
- male abdomen heated at 100 °C 
The majority of A. fabae third-stadium gynoparae moulting to the adult stage 
after injection with heated male abdomen extract (Fig. 35). That number was 
significantly different (p<0.001) from the number of aphids that moulted to the adult 
after injection with unheated male abdomen extract. There was no significant 
difference (p=0.779) between the saline-injected and the heated extract-injected 
groups. In all treatments, all the individuals that developed to the adult stage were 
winged.  
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Fig. 35 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection with heat-treated or unheated male Aphidius colemani abdomen extract (1 eq/ µl) 
(Saline: n=51, Male abdomen heated at 100 °C : n= 35, χ
2
=0.08; Male abdomen: n=34, 
χ
2
=48.31) (ns = p>0.05, *** = p<0.001, each treatment compared to Saline). 
 
- venom extract heated at 100 °C or treated with protease  
The majority of A. fabae third-stadium gynoparae developed to the adult stage 
after injection with venom extract heated at 100 °C or treated with protease (Fig. 36). 
That number was significantly different (p<0.001) from the number of insects that 
moulted to the adult stage after injection with untreated A. colemani venom extract. 
There was no significant difference between the saline-injected and the 100 °C- 
(p=0.885) and protease-treated (p= 0.907) extract-injected groups. The majority of the 
aphids injected with venom extract that has been held at 37 °C for 3 h, were blocked 
from development to the adult stage.  
In all treatments, all the individuals that developed to the adult stage were 
winged.  
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Fig. 36 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection with protease-treated, heated or untreated Aphidius colemani venom extract (1.5 eq/ 
µl) (Saline: n=55, Protease-treated venom: n= 25, χ
2
=0.01; Untreated venom: n=50, χ
2
=42.79; 
Venom heated at 37 °C for 3 h: n=29, χ
2
=16.79; Venom heated at 100 °C for 5 min: n= 22, 
χ
2
=0.021) (ns = p>0.05, *** = p<0.001, each treatment compared to Saline). 
 
4.3.2 Injections into presumptive winged Aphis fabae virginoparae 
with whole female parasitoid extract 
 
When presumptive winged A. fabae virginoparae were injected with whole 
female extract (0.1 eq/ µl) at third stadium, significantly fewer aphids (p<0.001) 
moulted to the adult compared to those injected with the saline. There was no 
significant difference (p=0.12) between the two groups of fourth-stadium aphids (Fig. 
37). 
After both saline and whole female extract injection at third or fourth stadium, 
adults were winged.  
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Fig. 37 Percentage (±SE) of presumptive winged Aphis fabae virginoparae moulting to 
the adult stage after injection at two different ages (third, fourth stadium) with whole female 
Aphidius colemani extract (0.1 eq/ µl) (Saline: n= 44, 38, Whole female 0.1 eq/ µl: n= 61, 49, 
χ
2
=32.87, 3.30, for third- and fourth-stadium groups respectively) (ns = p>0.05, *** = 
p<0.001, Whole female 0.1 eq/ µl compared to Saline). 
 
4.3.3 Injections into wingless Aphis fabae virginoparae with whole 
female parasitoid extract 
 
When wingless A. fabae virginoparae were injected with whole female extract 
(0.1 eq/ µl), there were no significant differences (p=0.883, 0.803, 0.984 respectively) 
in the age groups of late third-, early fourth- and late fourth-stadium. However, 
significantly fewer aphids (p<0.001) injected with the whole female extract in the 
early-third stadium moulted to the adult compared to those injected with the saline 
(Fig. 38). 
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Fig. 38 Percentage (±SE) of wingless Aphis fabae virginoparae moulting to the adult 
stage after injection at four different ages (early third-, late third-, early fourth-, late fourth-
stadium) with whole female Aphidius colemani extract (0.1 eq/ µl) (Saline: n=47, 100, 48, 50, 
Whole female 0.1 eq/ µl: n=48, 89, 41, 50, χ
2
= 17.79, 0.01, 0.36, 1.01, for early third-, late 
third-, early-fourth and late-fourth groups, respectively) (ns = p>0.05, *** = p<0.001, Whole 
female 0.1 eq/ µl compared to Saline). 
 
4.4 Discussion 
 
-control injections 
As there is no significant difference between sham and saline injection it is 
assumed that the injection of 4.6 nl of liquid has no effect on the development and 
little on mortality of injected aphids.  In groups of untreated aphids (preliminary 
study, results not shown) the percentage of mortality is 0%. The mortality is higher in 
the late second-stadium injected aphids and that is probably because of their small 
size. 
-adult development -developmental arrest 
Death in the fourth stadium of young parasitised aphids (Chapter 3) might be 
due to the parasitoid larva killing the aphid prior to mummification but the injection 
experiments with female A. colemani extracts demonstrated that it is not only the 
parasitoid larva that inhibits the development of the aphid, but also possibly 
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something deriving from the mother. The injections with parasitoid material (whole 
female/male, female/male abdomen, venom extracts) in third- and early fourth-
stadium gynoparae block the majority of the injected aphids from moulting to the 
adult stage. Results from injections with head+thorax or abdomen extracts from both 
female and male parasitoids indicate that active factor(s) are contained in the 
abdomen in both sexes and in the female it appears to be located in the venom. There 
are no previous studies that indicate males contain factors affecting host development 
and at this stage it is not possible to predict which tissues of the male abdomen 
contain the active compound(s), or why it should be present. The results of female 
parasitoid extracts compare to earlier work where injections with A. ervi reproductive 
tissue extract or venom in the early fourth stadium cause death in fourth-stadium and 
A. pisum do not reach the adult stage, whereas the control aphids moult normally. The 
duration of the fourth stadium is also extended (Digilio et al., 1998; 2000). This is 
supported by the present study as those treatments (whole female or male body, 
female or male abdomen and venom, ovary and ovary+venom extract) that block the 
moulting to the adult stage also cause longer duration of the fourth stadium of the 
injected aphids compared to the control aphids. The fact that the active-extract-
injected aphids die significantly later than the equivalent controls indicates that the 
factor(s) subtly interferes with development and is not just a general toxin.  
In other endoparasitoid-host systems, developmental arrest is caused by 
parasitoid derived products. Injection with Pimpla turionellae venom into the host 
Galleriae mellonella has a dose-dependent effect of retarded larval development 
(Ergin et al., 2006). Teratocytes from Microplitis croceipes cause developmental 
arrest followed by larval death, imperfect larval-pupal ecdysis or delayed pupation of 
the host H. virescens (Zhang and Dahlman, 1989). Calyx fluid (containing 
polydnavirus) also from M. croceipes, prolongues development period to pupation 
and the effect is synergised by venom (Gupta and Ferkovich, 1998). Venom from 
Euplectrus comstockii, an ectoparasitic wasp, also arrests ecdysis from one larval 
stage to the next in its lepidopteran hosts (Coudron and Brandt, 1996).  
-dose response 
The results from the different extract concentrations (0.1, 0.01 eq/ µl for whole 
female and 1.5, 0.15, 0.015 eq/ µl for venom extract) indicate that the effect of the 
active compound is dose-dependent. The most concentrated extracts have stronger 
effects, with lower percentages of the injected aphid nymphs moulting to the adult. 
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For this study, it is not possible to calculate whether the parasitoid extract that is 
injected into the aphid contains similar or different quantities of the active factor(s) 
than might be delivered during normal oviposition. During oviposition, 1/200 venom 
reservoir equivalents is injected into the host from Chelonus wasp whereas 1/30 of 
total venom is injected in a single oviposition from Bracon wasp (Jones and Leluk, 
1990). In the same study, they show that venom is injected in the first 2 s of 
oviposition that lasts 15-20 s. So venom goes in before anything else, probably in 
order to start regulating the host immediately.    
-characterising the active factor(s) 
In the present study, the ovary extract blocks development to the adult stage but 
not to the same degree as venom or ovary+venom extract. These results together with 
the fact that there was no significant difference between venom and ovary+venom 
extracts, suggest that there is probably a contamination of the ovaries with venom 
during dissection and the ovaries alone do not contain the active factor(s). 
Treatment of the active extracts at 100 °C or with protease eliminated the 
biological activity and reduced the effect on development such that the majority of the 
aphids moulted normally to the adult stage. Studies by Digilio et al. (1998; 2000) with 
heat and protease treatments of extracts of ovaries or venom glands of A. ervi before 
injection conclude that the active component(s) responsible for the developmental 
arrest and/or castration is possibly a protein. The present study concurs, and the 
venom extract retains its activity after being treated at 37 °C for 3 h so the loss of 
activity after the protease treatment is attributed solely to the digestion with the 
protease. 
-wing development 
Injections with venom extract in late second-stadium gynoparae, showed 
disruption of wing development with aphids developing reduced wingbuds in fourth 
stadium. Results from studies on host regulation by insect parasitoids lead to the 
conclusion that parasitoids cause various developmental alterations to their host in 
order to redirect nutrients from the host’s major metabolic sinks to their own benefit 
(development of parasitoid larva) (Pennacchio and Strand, 2006). Venom and/or 
ovary extracts from A. ervi cause complete castration of A. pisum when injected in 
early-fourth stadium hosts by degeneration of germarial cells (Digilio et al., 1998). 
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-effects on virginoparae 
Injection of the whole female extract into presumptive winged virginoparae 
showed similar results to those obtained from injection to the presumptive winged 
gynoparae. The extract causes inhibition of moulting in the aphids that were injected 
during the third stadium but has no effect on the fourth-stadium aphids. Injection of 
the whole female extract into wingless virginoparae similarly prevents adult 
development when performed on early third-stadium nymphs but not on older nymphs 
(late third-, early fourth- and late fourth-stadium). In presumptive winged gynoparae, 
the effect of the extract is seen with injection up to early fourth-stadium nymphs (11 
days old when injected, 5 days remaining to final moult). In wingless virginoparae the 
effect is visible in early third-stadium nymphs (6 days old when injected, 5 days 
remaining to final moult) but not in late third- (8 days old when injected, 3 days 
remaining to final moult). There is a common effect in all three phenotypes and the 
earlier the injection before the final moult, the greater the effect of the injected 
extracts preventing adult development. 
In the present study, in an attempt to get the precise fluid that is injected into the 
host under natural parasitism conditions, without contamination from other parasitoid 
tissues, two other methods have been tried. Firstly, the method of milking venom 
from small parasitoid wasps (Deyrup and Matthews, 2003) has been tried without 
success. Deyrup and Matthews (2003) conclude that the method works with 
parasitoids that tend to sting in defence, after stimulation. This method did not work 
with A. colemani (personal observation). Larocca et al. (2005) describe an artificial 
aphid dummy made of Parafilm® that can be used for in vitro rearing or behavioural 
studies of aphid parasitoids. Attempts to use such a “dummy” in order to collect A. 
colemani venom was unsuccessful in getting the parasitoids to sting through the 
Parafilm® (personal observation) despite using of A. fabae cornicle secretions on the 
outer surface, as a kairomone.  
-conclusion 
When a saline extract of parasitoid venom glands is injected into late second-
stadium aphids, many develop to fourth-stadium nymphs with rudimentary wingbuds, 
show developmental arrest and often die in an attempt to moult to the adult stage. It 
appears that host death may be related to physiological/biochemical interactions of 
parasitoid and host rather than just a late stage parasitoid larva ingesting the host’s 
vital organs. Injections into later host stadia (third- and early fourth-) with saline 
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extracts of female or male (initially used as a control but surprisingly having similar 
effects to female extracts) parasitoids give similar results with regard to development 
to the adult but aphids injected in the late-fourth stadium develop normally. 
Experiments with long-day winged virginoparae reveal similar results in development 
to the adult stage but injections into long-day wingless aphids, which develop more 
rapidly, show this effect only when performed early in the third stadium. The earlier 
the injection before the final moult the greater the effect of the injected extract on 
preventing adult development. The results indicate that there is an active factor(s) in 
the female parasitoid’s venom that disrupts wing development and/or inhibits 
development to the adult stage; the loss of activity after treatment  at 100 
O
 C or  with 
protease makes it likely that the factor(s) is a protein. 
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Chapter 5 
Chromatographic fractionation of 
parasitoid extracts 
5.1 Introduction 
 
The number of hymenopteran venoms that have been studied to date is quite 
small especially when one considers the very large number of parasitic wasp species. 
Venoms of honeybees and other social wasps have been studied thoroughly 
concerning their composition and activity (de Lima and Brochetto-Braga, 2003). On 
the other hand, our knowledge of parasitoid venoms remained quite limited until fairly 
recently, when new tools made extensive investigation feasible. Venom studies now 
attract broad interest as the biologically active components that they contain 
potentially have a multitude of applications in agriculture and biomedicine (Beckage 
and Gelman, 2004; Pennacchio and Strand, 2006).  
Parasitoid venoms are complex and consist mainly of proteins, peptides and 
simple organic molecules (Schmidt, 1982; Leluk et al., 1989; de Lima and Brochetto-
Braga, 2003). Recently, parasitoid venom components have been characterised 
(Moreau and Guillot, 2005) but our understanding of the molecular basis of the 
physiological effects that such maternal secretions have upon the host remains 
extremely limited (Schmidt, 2006). Almost all parasitoid venoms studied so far 
contain peptides of high molecular weights (>100kDa) and are of an acidic nature 
whilst aculeate hymenopteran venoms generally lack large components and are 
neutral or basic in nature (Moreau and Guillot, 2005). 
Several workers have studied parasitoid venoms with regard to their broad 
composition, protein content, component molecular weights and possible modes of 
action. Jones and Leluk (1990) described four major proteins from the venom of 
Chelonus near curvimaculatus. One of them (32.5 kDa) has been purified and 
sequenced and is shown to increase parasitoid survival within the host (Taylor and 
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Jones, 1990) but the activity of the three other proteins that they report upon remains 
unknown. Two venom proteins with molecular weights 21 kDa and 36 kDa are 
responsible for parasitism-induced castration in the aphid- host by the parasitoid A. 
ervi (Digilio et al., 2000). A small venom protein (4.6 kDa) from Cotesia rubecula 
interferes with the activation of the host’s haemolymph prophenoloxidase cascade 
(Asgari et al., 2003). Protein Vn11 (24.1 kDa) from Pteromalus puparum venom, 
inhibits spreading of host haemocytes and encapsulation (Wu et al., 2008). One 
phenoloxidase, one paralytic and one cytotoxic factor have been described for the 
venom from Pimpla hypochondriaca (Parkinson and Weaver, 1999) and a more 
complete view of the composition is available now (Parkinson et al., 2003; 2004). A 
profile has also been obtained for the venom components of the endoparasitoid 
Pimpla turionellae that includes melittin (2.84 kDa) and apamin (2.02 kDa) as well as 
proteins of molecular weights in the range 20-106 kDa (Uçkan et al., 2004; Ergin et 
al., 2006). Crawford et al. (2008) describe venom proteins from the parasitoids 
Microctonus hyperodae and M. aethiopoides, which inhibit egg-laying in their beetle 
hosts. 
Enzymes have also been characterised from parasitoid venoms and examples 
include phenoloxidases (with a role in host immune suppression) in the venom from 
Nasonia vitripennis (Rivers et al., 2006; Abt and Rivers, 2007) and the venom from 
Pimpla hypochondriaca (Parkinson et al., 2001), γ-glutamyl transpeptidase (which 
may induce ovariole apoptosis) in the venom from A. ervi (Falabella et al., 2007) and 
acid phosphatase (which affects host’s physiology although the specific mode of 
action is not clear) in the venom of Pteromalus puparum (Zhu et al., 2008).   
Injections with A. colemani extracts prevent the majority of aphids developing to 
the adult stage and wingbud development is also disrupted when extracts are injected 
into late-second stadium nymphs (see chapter 4). Thus, having established biological 
activity in the female and male abdomen as well as venom extracts, in this chapter 
chromatographic techniques (gel filtration and anion exchange fast protein liquid 
chromatography (FPLC)) are used in order to fractionate the parasitoid extracts 
(female or male abdomen, venom and a female abdomen extract minus the venom) so 
that a comparison could be made of their FPLC profiles and apparent composition. An 
attempt was also made to produce an initial purification of the active factor(s) causing 
disruption of development and wingbud development inhibition. The fractions that 
were obtained after the application of chromatographic techniques were bioassayed 
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through injections into aphids. The Bradford bioassay was used to determine the total 
amount of protein in the female abdomen extract while SDS-PAGE was used to 
visualise the protein profiles of the parasitoid extracts.  
5.2 Materials and methods 
5.2.1 Aphids  
 
Aphids were obtained as described previously (sections 3.2.1, 4.2.1). In this 
chapter, late second- and late third-stadium A. fabae gynoparae were used. The late 
third-stadium nymphs were inspected for the presence of normal wingbuds and only 
those with typical wingbuds were used. After injection with FPLC fractions, aphids 
were returned to bean plants (five per plant) and kept in a short-day rearing cabinet. 
They were inspected daily for survival, moulting and for the morphology of wingbuds 
in the fourth-stadium nymphs and morphology of wings in the adult stage. 
5.2.2 Preparation of the Aphidius colemani extracts 
 
The parasitoid extracts were prepared as described previously (section 4.2.2). In 
addition to female and male abdomen (1eq/ µl) and venom (1.5eq/ µl) extracts, an 
extract was prepared of the female abdomen minus the venom (hereafter referred to as 
abdomen-minus-venom). For this extract, the venom glands were removed as 
described earlier (section 4.2.2) and then the abdomen was excised from the rest of 
the body at the waist and placed in saline to the required concentration (1eq/ µl).  
5.2.3 Fractionation of parasitoid extracts 
 
A Pharmacia Fast Protein Liquid Chromatography (FPLC) system was used for 
both the gel filtration and the anion exchange fractionations. All separations were 
performed at room temperature. The salt gradient for anion exchange was produced 
by a GP-250 PLUS programmer. The spectrophotometer (HPLC detector, Waters) 
was set to measure absorbance at 280 nm with a sensitivity at 0.1- 0.2 AUFS. 
Fractions were collected using a Frac-200 fraction collector (Amersham Biosciences 
AB, Uppsala, Sweden). 
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The fractionation work, the Bradford bioassay and the SDS-PAGE were 
conducted in Central Science Laboratory (CSL), York with the help of Dr Howard 
Bell and the samples were transported inside an ice bath both from and to Silwood 
Park, Ascot, where the extracts preparation and injection bioassays were performed. 
Extracts were stored at   -80°C as were the fractions either individually or as mixtures 
of five successive fractions that were pooled together. The samples were defrosted 
thoroughly before use. 
-gel filtration 
The FPLC system, fitted with a Superose
®
-12 HR 10/30 column (Pharmacia 
LKB Biotechnology, Uppsala, Sweden), was used for gel filtration separation of 
parasitoid extracts. For each separation, 150-400 µl of extract, (1 eq/µl for female or 
male abdomen and abdomen-minus-venom extract, 1.5eq/µl for venom extract) were 
applied in Dulbecco’s phosphate buffered saline (PBS) (Sigma-Aldrich) to a pre-
equilibrated column (run for at least 2 days at a low flow rate prior to use). Proteins 
were eluted from the column using the same buffer at a flow rate of 0.4 ml/ min. 
Fractions were collected over 60-80 min at 1 min intervals (0.4 ml/ fraction). The 
standards used were the proteins cytochrome C (12kDa, peak at ≈60 min) and 
transferrin (80kDa, peak at ≈37 min) (Fig. 39). When required, the column was 
cleaned by two-three applications of 200µl of 50% acetic acid. In some cases, clearly 
stated at the graphs’ legends in the results section, the column was double-loaded with 
the sample (loaded once and then again within 30 s). 
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Fig. 39 Gel filtration FPLC profiles of standards a) transferrin (peak at ≈37 min), and b) 
transferrin (peak at ≈37 min) and cytochrome C (peak at ≈60 min). 
 
- anion exchange 
A MONO Q
®
 prepacked HR 5/5 column (Pharmacia LKB Biotechnology, 
Uppsala, Sweden) was used for the performance of anion exchange chromatography. 
The column was operated with the FPLC system described above and was used for 
the fractionation of A. colemani venom extract (1.5 eq/ µl). For the separation, 200 µl 
of the sample were injected in the column. A running buffer of 20 mM Tris (pH 7.5) 
was used and proteins were eluted with a 0 - 1M sodium chloride gradient.  The 
performance of the column and the buffering system were assessed using transferrin 
as a standard (80kDa, peak at ≈ 10 min) (Fig. 40). The standard was run twice: once 
with the gradient starting immediately after protein was run onto the column and, 
secondly, after a 5-minute delay in the start of the gradient to ensure that proteins had 
adhered to the column packing and did not simply flow through. To test that the 
column was operating properly, a sample of Podisus maculiventris saliva extract (Fig. 
41) was also run and compared with profiles obtained previously. 
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Fig. 40 Anion Exchange FPLC profiles of standard transferrin a) with gradient from the 
start and b) with the gradient delayed for the first five minutes. The traces indicate that the 
column was functioning properly with minimal flow-through of protein at the start of the run 
(i.e. the proteins stuck to the column). 
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Fig. 41 Anion exchange FPLC profile of Podisus maculiventris saliva extract, 
indicating that the column / buffer system was capable of a good separation and provided a 
profile similar to what had been achieved previously (Howard Bell, personal communication). 
 
5.2.4 Injection bioassays with fractions from gel filtration 
separations 
 
Injection bioassays were performed as described in chapter 4 (section 4.2.3). 
Either individual fractions or pooled fractions (from 5 successive fractions) were 
injected. The fractions were used either directly from the column or they were 
concentrated by means of microcentrifuge filters (Ultrafree
®
-MC, Millipore, M0286, 
Sigma- Aldrich). Control insects were injected with Dulbecco’s phosphate buffered 
saline.  
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5.2.5 Bradford assay  
 
The Bradford assay (Bradford, 1976) was used to determine the amount of 
protein in the A. colemani female abdomen extract (1eq/ µl). Bovine serum albumin 
(BSA) was used as a standard and 10 µl of each different concentration (0, 0.05, 0.1, 
0.2, 0.3, 0.4, 0.5 µg/ µl) of the standard (i.e. 0-5 µg) were added to 150 µl of water 
and 40 µl of Bradford reagent (Sigma-Aldrich, St Luis, MO, USA).  Sample proteins 
(1, 2 and 5 µl of female abdomen extract, 1eq/ µl) were added to the same volumes of 
water / Bradford reagent and the absorbance of the wells determined at 595 nm. Each 
concentration of the standard or the sample proteins was replicated in two different 
wells. The averages of the two measurements of the standard wells for each 
concentration were used to produce a calibration curve and linear regression was used 
to calculate the curve’s equation (Microsoft Excel). The regression equation was then 
used to calculate the protein contents of the test samples from the absorbances that 
they produced. 
5.2.6 SDS-PAGE of parasitoid extracts 
 
Parasitoid extract samples were prepared for SDS-PAGE (sodium dodecyl 
sulphate polyacrylamide gel electrophoresis) by adding the running buffer (SDS 
Sample buffer: 0.2M Tris pH 6.8, 20% glycerol, 2% SDS, 0.002% BPB (bromophenol 
blue)) and then boiling for 10 min. They were then pulse centrifuged for 
approximately 30 s and the sample loaded onto 12.5% separating gels for 
electrophoresis (Laemmli, 1970). The gels were run at 60V through the stacker gel 
and then at 100-120V. Gels were left to stain overnight in a solution containing 0.05% 
Coomassie Blue R250 (B7920, Sigma-Aldrich) and were destained with several 
washes of an aqueous solution of 40% methanol and 7% glacial acetic acid. 
Two of the gels were silver stained to visualise more bands using the 
ProteoSilver™ Silver Stain Kit (PROT-SIL1, Sigma-Aldrich) following initial 
staining with Coomassie Blue as described above. The procedure followed was as 
described in the technical bulletin of the product. Gels were placed in clean glass 
dishes in fixing solution (ethanol, acetic acid in ultrapure water) for 20 min and then 
washed for 10min in 30% ethanol solution, followed by a wash for 10 min in 
ultrapure water. Subsequently, the gels were incubated for 10 min in the sensitizer 
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solution (ProteoSilver sensitizer solution in ultrapure water) and washed twice with 
water, each time for 10 min. Silver equilibration followed, where the gels were left in 
silver solution (ProteoSilver silver solution in ultrapure water) for 10 min and then 
they were washed with water for 1 to 1.5 min. The gels were left to develop in the 
developer solution (ProteoSilver developer1 and 2, in ultrapure water) for 3-7 min 
until the desired staining intensity was produced. Development was stopped by adding 
the ProteoSilver stop solution and incubating the gels for 5 min. Finally, the gels were 
washed for 15 min and then stored in fresh ultrapure water. The photographs of the 
gels were taken at the photography department at Central Science Laboratory (CSL), 
York. 
5.2.7 Statistical analysis  
 
The data were in the form of counts expressing the number of adults/ dead 
nymphs or aphids developing as winged/ apterised. They were compared against the 
controls using the Chi squared test (using the R statistical software: R) (d.f. =1) for 
each different age or different treatment (Crawley, 2007). A significant value (p<0.05) 
indicated that there was a significant difference between the groups under 
comparison. The data were plotted as percentages. The Kruskal-Wallis test was used 
for the analysis of the duration of the fourth stadium after injection.   
 
5.3 Results 
5.3.1 Fractionation of parasitoid extracts 
-gel filtration 
Fig. 42, 43, 44 show the gel filtration profiles of female abdomen, male 
abdomen and abdomen-minus-venom extracts, respectively. The profiles obtained for 
the three different extracts were similar. Four main peaks were observed that eluted 
almost at the same time in the three profiles (retention times: 1
st
 peak: ≈ 19, 18, 20, 19 
min, 2
nd
 peak: ≈ 31, 32, 30, 32 min, 3
rd
 peak: ≈ 44, 45, 43, 44 min, 4
th
 peak: ≈ 59, 60, 
58, 59 min, respectively for female abdomen runs 1 and 2, male abdomen and 
abdomen-minus-venom), between other smaller, not particularly well resolved peaks. 
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Fig. 42 Gel filtration profiles of female Aphidius colemani abdomen extract a) 150 µl 
and b) 200 µl.  
 
 
Fig. 43 Gel filtration profile of male Aphidius colemani abdomen extract, double-
loaded, 200+95 µl. 
(a) (b) 
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Fig. 44 Gel filtration profile of female Aphidius colemani abdomen-minus-venom, 
double-loaded, 200+100 µl. 
 
Fig. 45 shows the gel filtration FPLC profiles of A. colemani venom extract.  
The first run (Fig. 45a) was single loaded with 200 µl of extract while the second run 
(Fig. 45b) was double-loaded (200 µl and then another 200 µl within 30 s, total 400 µl 
of extract). The four main peaks observed in the female, male abdomen and abdomen-
minus-venom extracts were also present in the venom extract, although in much 
smaller quantities. The first peak (retention times: ≈ 18 and 19 min for run 1 and 2 
respectively) is small compared to the other profiles but still visible.  The retention 
times of the other three large peaks that were apparent in the other extracts are clearly 
visible although not as distinct and retention times were ≈ 32, 44, 61 min for both runs 
1 and 2.  The fourth main peak remains the larger one. In general, the profile of the 
venom extract corresponds closely with the female, male abdomen and abdomen-
minus-venom profiles.   
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Fig. 45 Gel filtration FPLC profiles of Aphidius colemani venom extract a) single-
loaded, 200 µl and b) double-loaded, 200+200 µl.   
 
- anion exchange 
Fig. 46 shows the anion exchange FPLC profile of A. colemani venom extract. 
Only one peak with a double tip is observed with retention time ≈ 2 min. 
 
(a) (b) 
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Fig. 46 Anion exchange FPLC profile of Aphidius colemani venom extract. 
 
5.3.2 Injection bioassays with fractions from gel filtration 
separations 
 
There were no significant differences (p>0.05) between the numbers of aphids 
that reached the adult stage after injection with each of the nine pooled fractions (26-
70) when compared to those injected with the Dulbecco’s buffer (control) (Fig. 47). 
Injections with pooled fractions 16-20 and 21-25 allowed 4.8 and 17.3 % of the 
aphids, respectively, to develop to the adult stage and these percentages were 
significantly different (p<0.001) from the control. 
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Fig. 47 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at late third-stadium with gel filtration pooled fractions of female Aphidius colemani 
abdomen extract (1 eq/ µl) (Dulbecco’s buffer n=49; Fractions 16-20 n=62, χ
2
=45.98; 
Fractions 21-25 n=29, χ
2
=26.32; Fractions 26-30 n=32, χ
2
=0.05; Fractions 31-35 n=31, 
χ
2
=0.38; Fractions 36-40 n=33, χ
2
=0.001; Fractions 41-45 n=65, χ
2
=2.89; Fractions 46-50 
n=29, χ
2
=0.61; Fractions 51-55 n=30, χ
2
=3.69; Fractions 56-60 n=32, χ
2
=0.01; Fractions 61-
65 n=28, χ
2
=0.29; Fractions 66-70 n=34, χ
2
=2.35) (*** = p< 0.001, each treatment compared 
to the Dulbecco’s buffer). The overlaid trace shows the gel filtration profile of the female A. 
colemani abdomen extract with the corresponding peaks for each pooled fraction. 
 
Injection with concentrated (start volume: 150 µl, volume after concentration: 
15-20 µl) pooled fractions of the female abdomen extract had similar effects to the 
original (non-concentrated) samples (Fig. 48). There were no significant differences 
(p>0.05) between the numbers of aphids that reached the adult stage after injection 
with each of the nine concentrated pooled fractions (26-70) when compared to those 
injected with the Dulbecco’s buffer (control). Injections with concentrated pooled 
fractions 16-20 and 21-25 allowed 7.1 and 6.5 % of the aphids, respectively, to 
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develop to the adult stage and these percentages were significantly different (p<0.001) 
from the control. 
 
 
Fig. 48 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at late third-stadium with gel filtration concentrated pooled fractions of female 
Aphidius colemani abdomen extract (1 eq/ µl) (Dulbecco’s buffer n=32, Fractions 16-20 
n=28, χ
2
=27.60; Fractions 21-25 n=31, χ
2
=30.16; Fractions 26-30 n=30, χ
2
=2.35, Fractions 
31-35 n=26, χ
2
=2.55; Fractions 36-40 n=34, χ
2
=0.47; Fractions  41-45, n=32, χ
2
=0.38; 
Fractions 46-50, n=31, χ
2
=0.34; Fractions 51-55 n=21, χ
2
=0.94; Fractions 56-60 n=29, 
χ
2
=1.41; Fractions 61-65, n=33, χ
2
=3.74; Fractions 66-70 n=35, χ
2
=0.001) (*** = p< 0.001, 
each treatment compared to the Dulbecco’s buffer). The overlaid trace shows the gel filtration 
profile of the female A. colemani abdomen extract with the corresponding peaks for each 
pooled fraction. 
 
-wing development 
When injected with pooled gel filtration fractions 21-25 of the female abdomen 
extract in late second stadium (Fig. 49), the majority of the aphids did not develop to 
the adult stage. However, once they moulted to the fourth stadium, it was possible to 
observe the development of wingbuds. From the total number of aphids reaching the 
adult stage and the fourth stadium (only in those two stages was it possible to make 
observations on the development of wings or wingbuds), 47% were assessed as 
developing into apterised insects (Fig. 49). These aphids possessed rudimentary 
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wingbuds that were sometimes asymmetrical, with one side being less developed than 
the other. In comparison to the Dulbecco’s buffer-injected controls, significantly 
fewer aphids (p<0.001) developed into winged individuals after injection with the 
pooled gel filtration fractions 21-25 whereas there was no significant difference 
(p=0.252) between the control and the pooled fractions 16-20.  
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Fig. 49 Percentage (±SE) of Aphis fabae gynoparae showing normal wing development 
after injection at late second-stadium with gel filtration pooled fractions 16-20 and 21-25 of 
female Aphidius colemani abdomen extract (1 eq/ µl). (Dulbecco’s buffer: n=25, Fractions 
16-20: n=10, χ
2
=1.31; Fractions 21-25: n=15, χ
2
=5.97) (ns = p>0.05, *** = p<0.001, 
treatments compared to the Dulbecco’s buffer). 
 
When the gel filtration fractions 16-25 of the female abdomen extract were 
injected into late third-stadium A. fabae gynoparae individually (Fig. 50), only 
fractions 20, 23 and 24 prevented the injected aphids from developing to the adult 
stage. The rest of the individual fractions showed no significant differences (p>0.05) 
when compared to the Dulbecco’s buffer control.  
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Fig. 50 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at late third-stadium with gel filtration individual fractions 16-25 of female Aphidius 
colemani abdomen extract (1 eq/ µl) (Dulbecco’s buffer n=60, Fraction 16 n=35, χ
2
=0.05; 
Fraction 17 n=34, χ
2
=0.03; Fraction 18 n=34, χ
2
=1.40, Fraction 19 n=37, χ
2
=0.12; Fraction 20 
n=28, χ
2
=15.41; Fraction  21 n=35, χ
2
=0.64; Fraction 22, n=31, χ
2
=2.06; Fraction 23 n=22, 
χ
2
=4.04; Fraction 24 n=33, χ
2
=9.18; Fraction 25, n=30, χ
2
=0.01) (* = 0.01<p<0.05, ** = 
0.001<p<0.01, *** = p< 0.001, each treatment compared to the Dulbecco’s buffer). 
 
Injections with concentrated (start volume: 100 µl, volume after concentration: ≈ 
10 µl) pooled fractions 16-20, 21-25 and 26-30 of female, male abdomen and 
abdomen-minus-venom extracts (Fig. 51), prevented the majority of the injected late 
third-stadium aphids from reaching the adult stage. Injections with the equivalent 
pooled fractions (16-20, 21-25 and 26-30) of the venom extract showed no significant 
difference (p>0.05) compared to the Dulbecco’s buffer-injected insects (Fig. 51). The 
fractions of the female abdomen extract used in the injection bioassays for Fig. 51 
were obtained from a different fractionation than the fractions used in Fig. 47-48. 
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Fig. 51 Percentage (±SE) of Aphis fabae gynoparae moulting to the adult stage after 
injection at late third-stadium with gel filtration concentrated pooled fractions 16-20, 21-25, 
26-30 of female, male Aphidius colemani abdomen, venom and abdomen-minus-venom 
extract  (Dulbecco’s buffer: n=35, Female abdomen: Fractions 16-20 n=34, χ
2
=11.39; 
Fractions 21-25 n=35, χ
2
=9.32; Fractions 26-30 n=34, χ
2
=9.92; Male abdomen: Fractions 16-
20 n= 34, χ
2
=16.35; Fractions 21-25 n=31, χ
2
=6.21; Fractions 26-30 n=33, χ
2
=6.52; Venom: 
Fractions 16-20 n=33, χ
2
=0.54; Fractions 21-25 n=35, χ
2
=0.001; Fractions 26-30 n=30, 
χ
2
=2.32; Abdomen-minus-venom: Fractions 16-20 n= 31, χ
2
=38.24; Fractions 21-25 n=33, 
χ
2
=4.29; Fractions 26-30 n=34, χ
2
=7.27) ( ns = p>0.05, * = 0.01<p<0.05, ** = 0.001<p<0.01, 
*** = p< 0.001, each treatment compared to the Dulbecco’s buffer). 
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The aphids injected with pooled fractions 16-20 and 21-25 of female abdomen, 
male abdomen and abdomen-minus-venom often died after an extended fourth 
stadium (Table 7), mid-way through ecdysis (see also section 4.3.2.1).  
 
Table 7 Duration of the fourth nymphal stadium of Aphis fabae winged gynoparae after 
injection with Dulbecco’s buffer or pooled fractions of parasitoid extracts.  
Kruskal-Wallis test 
Treatment Fractions Days SE n 
H value DF p 
Dulbecco's 
buffer 
 6.71 0.1 35    
16-20 8.56 0.4 34 14.75 1 <0.001 
21-25 8.03 0.3 35 11.28 1 <0.001 
Female 
abdomen 
26-30 7.31 0.3 25 2.62 1 0.105 
16-20 8.71 0.3 34 24.57 1 <0.001 
21-25 8.35 0.3 31 16.85 1 <0.001 
Male 
abdomen 
26-30 6.83 0.3 29 0.18 1 0.671 
16-20 7.31 0.2 32 3.83 1 0.05 
21-25 6.82 0.1 33 0.04 1 0.849 Venom 
26-30 6.42 0.1 24 3.66 1 0.055 
16-20 9.94 0.3 31 40.28 1 <0.001 
21-25 7.52 0.3 29 5.04 1 0.025 
Abdomen-
minus-
venom 26-30 7.08 0.1 24 3.57 1 0.059 
 
5.3.3 Bradford assay  
 
The amount of protein contained in the female A. colemani abdomen extract, as 
calculated from the standard curve (Fig. 52) was 0.968, 0.894, and 0.802 µg of 
protein/µl for the three readings (1, 2 and 5µl of neat sample, 1 eq/ µl). The average of 
the three measurements was 0.888 µg of protein/µl.The extract contains 1 female 
abdomen equivalent/µl giving a value of 0.888 µg of protein/female abdomen. 
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Fig. 52 Standard curve for protein determination at it was calculated by the readings of 
absorbance of the standard protein (BSA) after Bradford assay. 
 
5.3.4 SDS-PAGE of parasitoid extracts 
 
The SDS-PAGE profiles of the parasitoid extracts show a highly complex 
mixture of proteins with a very wide range of molecular weights. Most of the proteins 
of the female abdomen extract were present in the pooled fractions 26-30, 31-35, 36-
40 and 41-45 (Fig. 53, 54) and very little protein was found in the remaining gel 
filtration samples.  
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Fig. 53 Silver-stained SDS-PAGE gel (12.5%) showing molecular weight standards 
(Std) and proteins from female Aphidius colemani abdomen extract, whole (10 µl), or after 
fractionation by gel filtration FPLC (pooled FPLC fractions 1-5, 6-10, 11-15, 16-20, 21-25, 
26-30, 31-35, 36-40, 41-45). 
 
Std (kDa)   W5µl  W10µl 46-50    51-55   56-60    61-65     66-70    71-75    76-80     
66
45
29
 
Fig. 54 SDS-PAGE gel (12.5%) showing molecular weight standards (Std) and proteins 
from female Aphidius colemani abdomen extract, whole (5 and 10 µl), or after fractionation 
by gel filtration FPLC (pooled FPLC fractions 46-50, 51-55, 56-60, 61-65, 66-70, 71-75, 76-
80). 
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There are some protein bands (≈ 20, 30 and 45 kDa) that are most probably 
venom proteins as they appear (Fig. 55, 56, bands indicated with stars) in both female 
abdomen and venom sac extracts but not in male abdomen and abdomen-minus-
venom extracts that do not contain venom. 
 
♀Abd V    ♂Abd Abd-V ♀Abd V     ♂Abd Abd-VStd (kDa)
66
45
29
20
6.5
5µl 10µl
14.2
*
*
* *
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Fig. 55 Silver-stained SDS-PAGE gel (12.5%) showing molecular weight standards 
(Std) and proteins from female Aphidius colemani abdomen (♀ Abd), venom (V), male 
abdomen (♂ Abd) and female abdomen-minus-venom (Abd-V) extracts (5 and 10 µl).  
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Fig. 56 SDS-PAGE gel (12.5%) showing molecular weight standards (Std) and proteins 
from female Aphidius colemani abdomen (♀ Abd), venom (V), male abdomen (♂ Abd) and 
female abdomen-minus-venom (Abd-V) extracts (15 and 20 µl).  
 
5.4 Discussion 
 
- fractionation of parasitoid extracts  
The performance of the gel filtration column was good and the separations were 
reproducible for any given extract.   
The profiles from the female, male abdomen and abdomen-minus-venom 
extracts are similar with only minor differences in resolution and retention times of 
the main peaks. Their composition should be similar and most of the material 
contained in the extracts (cuticle, fat body etc) appears common to all extracts. The 
resolution ability of the gel filtration FPLC is quite low and perhaps the differences 
that occur between the different abdomen extracts were not apparent from the profiles 
that were produced.  
The relative abundance of proteins is different not only between the different 
extracts but also between the different runs of the female abdomen and the venom 
extracts. This may have been due to differences in the cohorts of parasitoids that were 
used for the preparation of each extract. The parasitoids were collected from the 
rearing cages just before dissection for the extract preparation and, thus, there was no 
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control over their age, size of insects, egg load of the females, mating or nutritional 
status. All these factors may have affected the protein content of extracts. In honeybee 
venom, for example, consistency differs between insects of different ages (Banks and 
Shipolini, 1986).  However, Chelonus near curvimaculatus venom composition 
remains the same regardless of age or mating status of the wasp (Jones and Leluk, 
1990).  
The venom extract used for the gel filtration FPLC is quite crude containing the 
whole venom glands and sac. Despite this fact, the FPLC profile obtained here is 
probably not very different from that which would be produced by pure venom. For 
example, the consistency of E. pennicornis venom is so complex that it appears that 
other extraneous parasitoid tissues that may be contained in crude extract, such as 
abdominal tissues, do not add much complexity to the venom’s FPLC profile (Bell H., 
personal communication). 
The anion exchange FPLC of venom extract resulted in a profile where the 
entire sample was eluted immediately as one big peak shortly after the onset of the 
salt gradient. As a result there was little separation of the proteins. There are several 
possible explanations for this. Perhaps the pH, flow rate or the buffer system were not 
optimal for separation or the proteins failed to elute from the column. To test whether 
the latter was the reason for failure, the column was cleaned after the sample was run 
and  only a small quantity of protein eluted from the packing material, indicating that 
this is not the case. The anion exchange FPLC profiles obtained for P. maculiventris 
saliva extract shows that the column is in good working order and is capable of good 
separations. On the other hand, a different column may have provided better 
fractionation, and perhaps a cation exchange column would have worked better.   
-injection bioassays with fractions from gel filtration separations 
In the female, male abdomen and abdomen-minus-venom extracts, gel filtration 
FPLC pooled fractions 16-20, 21-25 and 26-30 prevented the majority of injected 
aphids from moulting to the adult stage. Many of the aphids injected with pooled 
fractions 16-20 and 21-25 died after an extended fourth stadium markedly and were 
often found to die mid-way through ecdysis. These results provide support of the 
results reported in chapter 4, where injections with parasitoid extracts block the moult 
to the adult stage and also cause developmental arrest. 
In gel filtration separations, the transferrin standard (80kDa) elutes at 35 min 
and cytochrome C (12kDa) elutes at 60 min. By comparing the retention time of the 
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active fractions (16-30) to the standards, we conclude that the molecules responsible 
for the activity are bigger than 80kDa, as they elute before tranferrin.  
The fact that the venom extract before fractionation is highly active (section 
4.3.2.3), both at blocking the final moult and causing disruption of wing development 
when injected in late second-stadium, is strong evidence that there should be activity 
detected after fractionation. However, the pooled fractions 16-20, 21-25 and 26-30 of 
the venom extract show no activity. Concentration should not be a reason for not 
detecting activity as the venom extract contained 1.5 venom equivalents / µl, which is 
50% more than that of the abdomen (female, male and abdomen-minus-venom) 
extracts contain (1 abdomen equivalent / µl). After fractionation, all the fractions were 
concentrated to the same degree, prior to injecting into the aphids.  
It is possible that there are several active factors, deriving from venom and/ or 
the abdomen with the activity of individual factors eluting at different times. It is 
possible that the activity observed in abdominal extracts (female and male) is due to a 
factor in the haemolymph, such as a hormone, and is non-specific. The activity 
observed after injections with venom extract is probably more specific although the 
visible effects (developmental arrest, inhibition of development to the adult, 
disruption of wing development) are the same. The venom extract separations were 
done prior to the separations of the abdomen extracts, so a potential decline in the 
performance of the column is not applicable.  
There are examples of synergistic actions between venom proteins and other 
factors when injected the egg into the host by the female parasitoid (Moreau and 
Guillot, 2005). This could be another explanation for the fact that we could not detect 
activity in the fractions of the venom that are equivalent to the active fractions (16-30) 
from abdomen extracts. Perhaps fractionation separates venom components that need 
to act concurrently for an effect to occur. Crude venom from Pteromalus puparum is 
more active than the fraction containing the protein Vn11 (obtained after anion 
exchange fractionation of crude venom) and the possible explanation given is that 
other venom components, not present in the same fraction, are acting synergistically 
with this factor (Wu et al. 2008). Further research is required to support either 
hypothesis.  
Injections with pooled fractions 21-25 of female abdomen extract in late second-
stadium gynoparae show disruption of wing development with aphids developing 
reduced wingbuds in the fourth stadium. On the other hand, injection with pooled 
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fractions 16-20 did not produce similar results, with most of the aphids developing 
normal wingbuds in the fourth stadium. 
-Bradford bioassay and SDS-PAGE of parasitoid extracts 
The female abdomen of A. colemani contains c. 0.888 µg of protein. The amount 
of protein in a single venom reservoir of Chelonus near curvimaculatus was measured 
to be in the range of 0.5-0.8µg or a concentration of 10.3-16.5% (highly concentrated) 
(Jones and Leluk, 1990). 
The molecular weights of proteins, as estimated from the profiles obtained on 
the SDS-PAGE gels, cover a very wide range. A comparative study across several 
hymenopteran species has shown that parasitoid venoms (from braconids and 
ichneumonids) have an abundance of high molecular weight proteins (>100kDa) 
while in social and predatory wasps much smaller proteins, such as melittin, 
predominate (Leluk et al., 1989; Jones and Coudron, 1993). 
-conclusions 
Specific gel-filtration fractions of female and male abdomen extracts cause 
developmental arrest and block development to the adult stage after injection into 
late-third stadium A. fabae gynoparae. The active fractions also cause inhibition of 
wing development when injected into late-second stadium aphids. Activity was lost 
during fractionation of the venom extract. 
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Chapter 6 
Effects of insect extracts on development of 
non-host aphids 
6.1 Introduction 
 
It is important to investigate the specificity of activity of parasitoid venoms, 
especially in the framework of potential use of venom compounds in pest 
management. Several workers (Coudron and Puttler, 1988; Rivers et al., 1993; 
Parkinson and Weaver, 1999; Coudron et al., 2000; Zhang et al., 2005; Deyrup et al., 
2006) have tried to address questions concerning the spectrum of activity but the 
results are not clear-cut with different parasitoid venoms showing different degrees of 
specificity. Paralysing venoms affect a wide variety of insect species, most probably 
due to the indiscriminative mode of action against the central nervous system (Quicke, 
1997).  
Non- paralysing venoms also show a range of specificities (Quicke, 1997). In 
general, both natural and factitious hosts are shown to be susceptible to non-
paralysing parasitoid venoms although not equally. Species in orders other than the 
order in which host-species belong are usually more resistant, but some show various 
degrees of susceptibility (Coudron and Puttler, 1988; Rivers et al., 1993; Parkinson 
and Weaver, 1999; Coudron et al., 2000; Zhang et al., 2005; Deyrup et al., 2006). It 
appears that ectoparasitoid venoms are active against a wide range of species both 
within the orders that include host-species and those that do not. However, no 
conclusions can be made for the specificity of action of parasitoid venoms according 
to parasitoid life strategies (ecto- or endoparasitoids), as there is not enough data on 
endoparasitoids. However, the endoparasitoid venoms that have been studied 
(Parkinson and Weaver, 1999; Zhang et al., 2005) are also effective against non-host 
species. Thus, the endoparasitoid Pteromalus puparum has a wider range of insects 
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affected by its venom when compared to ectoparasitoid Nasonia vitripennis (Zhang et 
al., 2005). 
In this chapter, injections with Aphidius colemani extracts into Megoura viciae 
and Aphidius ervi extracts into Aphis fabae – aphids that are not hosts of the 
parasitoids- are performed. This is done in order to obtain further information on the 
specificity of the activity of the parasitoid venoms and on the mode(s) of action. In 
addition, an extract of the whole body of M. viciae has been injected into A. fabae 
gynoparae providing an alternative control, in order to observe the effects of injection 
of insect material other than from parasitoids on the development of the aphid.  
 
6.2 Materials and methods 
6.2.1 Aphids 
 
Aphis fabae gynoparae of known ages were obtained as described previously 
(section 3.2.1). Presumptive winged M. viciae virginoparae of known ages were 
obtained by placing previously crowded adults (see section 2.1 –Megoura viciae 
culture) on bean plants for 24 h to reproduce. The mothers were removed and the 
progeny reared to the required age and stadium for experiments.  Late second- and 
late third-stadium A. fabae gynoparae and presumptive winged M. viciae virginoparae 
were used. The third-stadium insects were inspected for the presence of normal 
wingbuds and the individuals with no wingbuds were excluded.  
Late second-stadium A. fabae gynoparae were 6 days old and late third-stadia 
were 10 days old. Late second-stadium M. viciae were 5 days old and late third-stadia 
were 7 days old. After injection, they were placed on bean plants, returned in the 
cabinet they have previously been reared in and inspected daily for survival, moulting 
and for the presence and morphology of wingbuds in the fourth-stadium nymphs and 
wings in the adults. 
6.2.2 Preparation of insect extracts  
 
In this part of the study, A. ervi venom, A. colemani whole female and venom 
and M. viciae whole insect extracts were used. The procedures for preparation of the 
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parasitoid extracts were similar to the ones described in Chapter 4 (see section 4.2.2). 
The concentrations used for the A. ervi and the A. colemani venom extracts were 1 eq/ 
µl and 1.5 eq/ µl, respectively. This was done because A. ervi is a larger insect and 
thus its venom is larger (personal observation).  
For the M. viciae whole insect extract, five M. viciae adult virginoparae were put 
in an Eppendorf tube with Pringle’s saline (Pringle, 1938) and ruptured with a pellet 
pestle. After centrifugation at 13000 g for 5 minutes, the supernatant was recovered 
and adjusted to the required concentration of aphid equivalents/ µl (0.1 eq/ µl).  
6.2.3 Injection procedures 
 
Injection bioassays were performed as described in Chapter 4 (section 4.2.3). 
The injection volume was 4.6 nl per aphid for all the injections apart from injections 
in late second M. viciae virginoparae that were performed with double volume (9.2 nl) 
for both saline and A. colemani venom extract injections. This was done because M. 
viciae is a larger insect than A. fabae and allows for any dilution effects. 
6.2.4 Statistical analysis 
 
The data was in the form of counts expressing the number of adults/ nymphs that 
died at the fourth stadium or aphids developing as winged/ apterised. Treatments were 
compared to the controls with Chi squared test (statistical software: R) (d.f. =1) for 
each different age (Crawley, 2007). A significant value (p<0.05) indicated that there 
was a significant difference between the groups that were compared. The data were 
plotted as percentages.  
6.3 Results  
6.3.1 Injections with Aphidius ervi venom extract in Aphis fabae 
gynoparae 
 
Injection with 4.6 nl of 1 eq/ µl A. ervi venom extract prevented the majority of 
the late second-stadium and all the late third-stadium aphids from developing to the 
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adult stage (Fig. 57). The number of saline-injected aphids developing to adult was 
significantly higher (p<0.001) compared to those injected with parasitoid extract.  
All the individuals that developed to the adult stage were categorised as winged. 
The venom- injected late second-stadium aphids that did not develop to the adult stage 
died at the second-stadium (52 %), third-stadium (37 %) or fourth-stadium (11 %). 
Those that developed as far as the fourth stadium (3 individuals, 11 %) possessed 
rudimentary wingbuds. No venom- injected late third-stadium aphids developed to the 
adult stage, some died in the third-stadium (6%) and the majority died in the fourth-
stadium (94%), possessing normal wingbuds. Those that died in the fourth stadium 
did not show an extended duration of this stadium and died before (4.9 ± 0.3; days ± 
SE) the equivalent saline-injected aphids moulted to the adult stage (8.4 ± 0.1; days ± 
SE) (Kruskal-Wallis test: H=36.8; d.f.=1, p<0.001).  
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Fig. 57 Percentage (±SE) of winged Aphis fabae gynoparae moulting to the adult stage 
after injection at late second- or late third-stadium with Aphidius ervi venom extract (1 eq/ µl) 
(Saline: n=29, 34, A. ervi venom: n=32, 31,  χ
2
= 15.23, 25.53 for late second- and late third-
stadium, respectively) (*** = p<0.001, A. ervi venom compared to Saline). 
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6.3.2 Injections with Aphidius colemani extracts in presumptive 
winged Megoura viciae virginoparae 
 
Injections with whole female A. colemani extract (4.6 nl per injected insect) 
showed no effects on the development of M. viciae late third- and fourth-stadium 
winged virginoparae (Fig. 58), and most aphids moulted normally to the adult stage. 
After both treatments, all adults were winged.  
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Fig. 58 Percentage (±SE) of presumptive winged Megoura viciae virginoparae 
moulting to the adult stage after injection at three different ages (late third-, early fourth-, late 
fourth stadium) with whole female Aphidius colemani extract (0.1 eq/ µl) (Saline: n=50, 47, 
41, A. colemani whole female: n=46, 57, 23, χ
2
= 0.28, 0.86, 0.009 for late third-, early fourth- 
and late fourth-stadium groups respectively) (ns = p>0.05, A. colemani whole female 
compared to Saline). 
 
Aphidius colemani venom extract (9.2 nl per injected insect) also showed no 
effect when injected in late second M. viciae virginoparae (Fig. 59). The majority of 
the injected aphids moulted normally to the adult stage. Also, there were no 
significant differences (p=0.447) between saline- and extract-injected aphids 
concerning the percentage of aphids with normal wing development (Fig. 60). The 
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adults that did not develop normal wings were all fully wingless (no visible 
wingbuds) and there were no intermediate winged-wingless individuals. 
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Fig. 59 Percentage (±SE) of presumptive winged Megoura viciae virginoparae 
moulting to the adult stage after injection at late third stadium with Aphidius colemani venom 
extract (1.5 eq/ µl, injection volume: 9.2 nl) (Saline: n=23, A. colemani venom: n=24, χ
2
= 
0.94) (ns = p>0.05, A. colemani venom compared to Saline). 
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Fig. 60 Percentage (±SE) of presumptive winged Megoura viciae virginoparae showing 
normal wing development after injection at late second stadium with Aphidius colemani 
venom extract (1.5 eq/ µl, injection volume: 9.2 nl) (Saline: n=17, A. colemani venom: n=19, 
χ
2
= 0.45) (ns = p>0.05, A. colemani venom compared to Saline). 
 
6.3.3 Injection with Megoura viciae whole insect extract in Aphis 
fabae gynoparae 
 
There was no significant difference (p=0.115) between the A. fabae gynoparae 
developing to the adult after injection at late third stadium with saline or M. viciae 
extract (Fig. 61). The majority of the injected aphids moulted normally to the adult 
stage and all the adults possessed normal wings.  
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Fig. 61 Percentage (±SE) of Aphis fabae gynoparae developing to the adult stage after 
injection at late third stadium with Megoura viciae whole insect extract (0.1 eq/ µl) (Saline: 
n=37, M. viciae extract: n=50, χ
2
= 2.47) (ns = p>0.05, M. viciae extract compared to Saline). 
 
6.4 Discussion 
 
Aphis fabae has not been previously recorded as a host of A. ervi (Powell and 
Pell, 2007) and has not been stung by the parasitoid even when smeared with A. pisum 
cornicle secretion (Bailey, 2007; personal observation) which is proven to be a contact 
kairomone (Battaglia et al., 1993). Even though A. ervi does not parasitise A. fabae 
under natural conditions, its venom is lethal when injected into A. fabae gynoparae.  
Most of the injected late third-stadium gynoparae were found dead after having 
moulted once to the next (fourth) stadium. Most of the injected late second-stadium 
gynoparae died before moulting to the next (third) stage but again a high percentage 
died after moulting once to the next (third) stadium.  They all died before the saline-
injected controls moulted to the adult stage without showing developmental arrest. 
There is also a hint of effect of injection with A. ervi venom extract on wing 
development as the individuals that reached the fourth stadium after being injected 
during the late second stadium, possessed rudimentary wingbuds but we cannot come 
to any conclusions due to the small numbers (only three individuals). 
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Megoura viciae has not been previously recorded as a host of A. colemani 
(Stary, 1975; Elliott et al., 1994; Messing and Rabasse, 1995; Ode et al., 2005; Powell 
and Pell, 2007). Although it has been observed to be stung by the parasitoid, either an 
egg is not deposited or does not develop and all the aphids developed and reproduced 
normally without showing signs of parasitism (Bailey, 2007; personal observation). 
Injections with A. colemani extracts into M. viciae did not have any effect on the 
normal development of the aphid nor on the development and morphology of the 
wingbuds. All the individuals that did not develop normal wings as adults, were fully 
wingless and no intermediate forms have been observed. Thus it is assumed that it is 
because at late second stadium the adult form cannot be predicted and there is always 
a percentage of wingless adults (see also section 2.1 -Megoura viciae culture, Fig. 7). 
This is also supported by the fact that there is no significant difference between 
control and treatment.  
Aphidius colemani whole female or venom extract is not effective against a non-
host species (M. viciae) whereas A. ervi does show a lethal effect in a non-host species 
(A. fabae). It can be assumed that there is a matter of size/ dose response as the 
different aphids used in the study (A. fabae and M. viciae) vary in size and thus an 
effect from A. colemani may not have been observed if the dose used is too small. 
However, a double dose of the venom extract (9.2 nl instead of 4.6 nl per injection) 
has no effect. Perhaps there is a difference in specificity with A. ervi venom having a 
broader range of activity than A. colemani despite both parasitoids having similar life 
cycles. Clear conclusions cannot be made on the specificity of venom activity for the 
two parasitoids used. There also seems to be a difference in the effects that the two 
parasitoid venoms have on A. fabae gynoparae, with A. colemani venom causing 
eventual death after developmental arrest and A. ervi venom causing death sooner, 
without prolonged duration of the fourth stadium.   
Previous studies on specificity of venom activity also do not come to clear 
conclusions concerning the activity of venoms on species other than the hosts. Venom 
from Euplectrus plathypenne, an ectoparasitoid of lepidopteran larvae causes 
developmental arrest into both natural and factitious lepidopteran hosts but only few 
insects belonging to other orders show some degree of susceptibility (Coudron and 
Puttler, 1988). Host, and some but not all the tested, non-host flies were susceptible to 
the venom of Nasonia vitripennis which causes the death of the injected insects. 
Insects in other orders show various degrees of susceptibility. Pupae, the stage of the 
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host naturally parasitised, are the most susceptible stage among most of the insects 
tested, indicating that not just species/order but also developmental stage is important 
(Rivers et al. 1993). Venom from N. vitripennis, which is an ectoparasitoid, appears 
more specific when its range of action is compared with that of the endoparasitoid 
Pteromalus puparum (Zhang et al., 2005), despite what would be expected due to 
their life strategies (Quicke, 1997).  Venom from Pimpla hypochondriaca, an 
endoparasitoid of lepidopteran larvae, causes paralysis when injected into both its 
natural host and non-host species representing different taxonomic groups (Parkinson 
and Weaver, 1999). Venom from Necremnus breviramulus also causes developmental 
arrest when injected into one natural and eight factitious hosts, representing seven 
different orders (Coudron et al., 2000). Venom from Melittobia digitata, an 
ectoparasitoid of wasps and solitary bees, causes paralysis and eventual death when 
injected into one natural and two factitious hosts. The type of paralysis differs, with 
the natural and one factitious host showing signs of limited mobility while the other 
factitious host becomes completely immobilized before dying (Deyrup et al., 2006). 
Injections with aphid extract into late third-stadium A. fabae gynoparae do not 
have any effect on their development. This result when compared with results from 
the injections with parasitoid extracts (see also Chapters 4 and 5) shows that the 
disruption of development caused by the parasitoid extracts is specific and is not 
caused by injection of any insect abdominal material.  
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Chapter 7 
Inhibition of wing development in 
parasitised Aphis fabae gynoparae: is the 
parasitoid or the host in control?  
7.1 Introduction 
 
In host-parasitoid systems, both organisms are under strong selection pressure to 
evolve mechanisms for survival, especially as eventually only one of the two can 
survive and complete development. Hosts evolve an immune system in order to 
defend themselves against the parasitoid while parasitoids evolve counter-resistance 
mechanisms in order to overcome the host’s immune response and ensure their 
successful development (Kraaijeveld and Godfray, 2008).  
 -insect hosts use immune responses to survive parasite or pathogen attack  
After an invasive organism enters the insect’s haemocoel, the immune system is 
stimulated by the recognition of non-self either by physical properties such as surface 
charge or chemical properties such as specific surface substances (Dunn, 1986). 
Pattern-recognition receptors are believed to bind to microbes and produce signals 
that activate the immune system (Bangham et al., 2006). Lipopolysaccharides are 
microbial molecules recognised by an insect host and induce binding with host-
proteins called lectins (Gillespie et al., 1997).  
Insect cellular defence mechanisms include phagocytosis, nodule formation and 
encapsulation (Gillespie et al., 1997). In general, several layers of cells, which are 
differentiated haemocytes, attach to the foreign organism and the inner layers become 
necrotic, while melanin, a dark insoluble material that prevents the growth of 
parasites, is produced as a consequence of the activation of the phenoloxidase system 
(Strand, 2008). Phagocytosis takes place against bacteria, fungal spores or protozoans 
and the host cells responsible are called plasmatocytes. Nodule formation takes place 
against larger numbers of bacteria or fungal spores which become surrounded by 
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granulocytes and then plasmatocytes. Encapsulation takes place against larger 
invading organisms such as parasitoids or nematodes and the cells responsible are the 
lamellocytes (Strand, 2008). After being surrounded by the host’s immune-related 
cells, organisms are killed and then their remains are digested. Little is known about 
how the organisms die after phagocytosis or encapsulation but it is possible that death 
is caused by asphyxiation, accumulation of toxic wastes and antimicrobial proteins or 
the toxic effects of melanization (Dunn, 1986; Strand, 2008).   
Insect humoral immune responses are related to enzymes and proteins that are 
synthesised in the fat body tissue and released into the haemolymph (Dunn, 1986; 
Gillespie et al., 1997). Attacins, cecropins and lysozymes are antibacterial factors and 
their synthesis is induced after infection. Other immune-related factors that are 
normally present in the insect haemolymph are the prophenoloxidases (inactive forms 
of phenoloxidases (mentioned previously) and lectins (their function is not clearly 
understood but possibly they play a role in the agglutination of invading 
microorganisms which are then easier to encapsulate) (Dunn, 1986; Gillespie et al., 
1997).  
A third category of insect immune response, humoral encapsulation, is known to 
exist in insect species with few haemocytes. A capsule is formed by accumulation of 
haemolymph material, usually followed by melanization, without any cells being 
involved (Boman and Hultmark, 1987; Gillespie et al., 2000).  
-how parasitoids overcome the host’s immune response 
The strategies used by parasitoids to overcome the host’s immune system have 
been classified into passive and active mechanisms (Boman and Hultmark, 1987; 
Strand and Pech, 1995). More recently the two categories have been redefined as 
strategies of conformity or regulation (Moreau, 2003) depending on whether the 
parasitoids adapt their own physiology to the host’s immune response or they regulate 
the host’s immune response. The parasitoids overcome the immune response by 
avoidance, evasion, destruction, suppression, subversion or usually a combination of 
the above (Vinson, 1990) (Table 8). 
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Table 8 The five main categories of parasitoid counter-resistance (Vinson, 1990) 
Ways in which parasitoids may handle the insect immune system 
1. Avoidance  
a. Ectoparasitoids 
b. Egg parasitoids 
c. Development within host tissues 
2. Evasion  
a. Molecular mimicry 
b. Cloaking (Stealth) 
c. Rapid development in host 
d. Target proliferation 
3. Destruction 
a. Blockage of the immune system 
b. Attrition 
c. Destruction of responding cells 
4. Supression 
a. Interfere with recognition 
b. Interfere with response 
5. Subversion 
a. Develop despite host response 
b. Development aided by host response 
 
 
Several parasitoids impose host-immunity suppression through the activity of 
polydnaviruses, virus-like particles, teratocytes and venom proteins, mainly by 
disrupting the function of haemocytes (Strand and Pech, 1995). Polydnavirus from 
Microplitis demolitor contains a gene which codes for a protein that causes apoptosis 
of granulocytes and thus plays an important role in the parasitoid’s fight against the 
host’s immune system (Strand and Pech, 1995; Suderman et al., 2008). A protein 
deriving from virus-like particles from the wasp Venturia canescens provides 
protection to the egg against encapsulation by causing changes to the haemocytes 
normal behaviour (Schmidt et al., 1990). Venom from Pimpla hypochondriaca causes 
increased susceptibility of a lepidopteran host to a fungal pathogen (Marris et al., 
1999) and apparently is involved in host immune disruption by affecting haemocyte 
performance (Richards and Parkinson, 2000; Parkinson et al., 2004) as it contains a 
haemocyte anti-aggregation protein (Richards and Dani, 2008).  
-cost of defence for the host 
Resistance to invading organisms is costly for the host and there are trade-offs 
between resistance and other aspects of fitness. Two categories have been 
characterised (Carton et al., 2005): inducible costs that probably arise from the 
expense of energy for mounting an immune defence  and costs of standing defences 
that are constitutive and paid independently from the parasitism/ infection threat. In 
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many invertebrate host-parasite systems, reduced fitness has been reported as a trade-
off to increased resistance (Carton et al., 2005).  Drosophila larvae that are selected to 
be resistant against the parasitoid Asobara tabida, are less competitive under stress 
conditions (Kraaijeveld and Godfray, 1997; Kraaijeveld et al., 2001) and bumblebee 
workers that are foraging, are more susceptible to parasitoids (Konig and Schmid-
Hempel, 1995). The bug Rhodnius prolixus lays significantly fewer eggs after 
mounting effective immune response against infection by the fungus Aspergillus niger 
(Medeiros et al., 2009). It has been suggested (Konig and Schmid-Hempel, 1995; 
Kraaijeveld and Godfray, 1997; Kraaijeveld et al., 2001) that the host is diverting the 
limited resources from other paths (i.e. trophic function) to the support of the immune 
response. The idea that the life strategy of an organism depends on the decision-
making of how to allocate the limited resources to competing functions, has been 
described by Stearns (1992).  
-immunity in aphids 
Aphid immunity against parasitoids has mainly been studied in the pea aphid, 
Acyrthosiphon pisum, but the mechanisms are not understood in depth. Encapsulation 
of parasitoids by this aphid has not been observed and the physiological basis of 
resistance against parasitoids is still not clear (Ferrari et al., 2001). The parasitoid 
eggs that do not develop, fail to mature and quickly break down (Henter and Via, 
1995; Nguyen et al., 2008). A resistant pink clone of the pea aphid seems to suppress 
the growth of parasitoid-derived teratocytes (Li et al., 2002). The parasitoid larvae fail 
to develop to the pupal stage and if they do, their development is much slower and 
they usually fail to reach adulthood. The above studies do not provide an explanation 
as to what may inhibit the parasitoid egg’s maturation and eclosion and what causes 
its disappearance, but it is assumed that there may be a factor responsible for the 
inhibition or a factor essential for the parasitoid’s development is missing from the 
aphid’s haemolymph (Henter and Via, 1995). Bensadia et al. (2006) report for the first 
time an aggregation of aphid haemocytes partially covering the surface of parasitoid 
eggs and they hypothesise that the phenomenon plays some role in the cellular 
immune response of the aphid, although they cannot come to any further conclusions. 
Concerning the immunity of aphids against pathogens, there is even less 
information available. Altincicek et al. (2008) report some lysozyme activity in the 
haemolymph of the pea aphid, in response to wounding with bacteria-infected needle 
but no antimicrobial peptides have been found. A sequence of an antimicrobial protein 
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from the vetch aphid, Megoura, viciae is available in Swissprot (ExPASy Proteomics 
Server: http://www.expasy.org/uniprot/P83417). The protein, called Megourin-1, is 
induced by bacterial infection and is active against Gram-positive bacteria and fungi. 
Secondary endosymbionts of aphids are believed to provide some protection against 
pathogens. The bacterium Regiella insecticola, an endosymbiont of the pea aphid, is 
found to protect it from the fungal pathogen Pandora neoaphidis (Scarborough et al., 
2005). Another pea-aphid endosymbiont Hamiltonella defensa is also found to be 
involved in resistance of aphids to parasitism (Oliver et al., 2003; 2005).  
-aims of this chapter  
With parasitism-related effects on the morphology of the host, it is difficult to 
get a clear idea as to whether it is the parasitoid regulating the host’s morphology or 
the host alters its own morphology in order to redeploy energy reserves that may 
support the immune system in resisting successful parasitism. The idea of the 
redirection of host resources by the parasitoid to support the developing parasitoid 
larvae is not new but there is no strong evidence supporting it either (Strand and 
Casas, 2008). On the other hand, there is no evidence suggesting that it is not the host 
redirecting its own resources. Therefore, in this chapter, the hypothesis that the aphid 
itself redirects the resources needed for the development of wings in order to support 
its immune response is tested. 
Injection with lipopolysaccharides (LPS) and infection with a fungal pathogen 
are used to test whether stimulation of the immune response by agents other than a 
parasitoid, effects the inhibition of wing development in the host as seen in Chapters 
3, 4 and 5.   
 
7.2 Materials and methods 
7.2.1 Aphids 
 
Aphids of known ages were obtained as described previously (section 3.2.1). 
Late third-stadium (10-days old) A. fabae gynoparae were used for the LPS injections.  
For the fungus bioassays, aphids of six different ages were used (5-, 7-, 9-, 11-, 
13- and 15-days old), representing three different stadia (second-, early and late third- 
and early, middle and late fourth-stadium respectively). First- and early second-
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stadium aphids (younger than 5-days old) could not be used as they would be killed 
by the pathogen (Judith Pell, personal communication) before reaching the fourth 
stadium, the earliest time when observations on the development of wingbuds are still 
possible.  
The third- and fourth-stadium A. fabae gynoparae were inspected for the 
presence of normal wingbuds and the individuals with no wingbuds were excluded 
from experiments.  
7.2.2 Injection of LPS into Aphis fabae gynoparae 
 
Bacterial lipopolysaccharides (LPS) were obtained from Sigma-Aldrich 
(Lipopolysaccharides from Escherichia coli 0111:B4, L2630, Dorset, Sigma-Aldrich). 
The concentration used was 8mg/ ml (suspension in Pringle’s saline) and the quantity 
injected in each aphid was calculated to be approximately 36.8 ng (4.6 nl of the 
suspension injected into each aphid).  
The injection procedure is described in Chapter 4 (see section 4.2.3). The 
injection volume was 4.6 nl and control insects were injected with Pringle’s saline.  
7.2.3 Fungal inoculation bioassays 
 
The entomopathogenic fungus Pandora neoaphidis (Remaudière & Hennebert) 
Humber (Zygomycetes: Entomophthorales) Isolate X4, isolated from A. pisum, was 
used in the experiments. The fungus was provided by Dr Jason Baverstock, 
Rothamsted Research, in the form of dried pea aphid cadavers.  
Prior to the experiment, the dried cadavers were placed on 50-mm Petri dishes 
filled with 1.5% agar (agar-agar in tap water), for 16 h at 18 °C in a humid chamber (a 
plastic box (dimensions: 250 x 150 x 100 mm) filled with wet tissue paper). Three 
cadavers were placed on each Petri dish, forming a small group in the middle. 
Immediately after the end of the 16 h rehydration period, the inoculations were 
performed following the conidia-shower procedure described by Shah et al. (2004). 
Groups of aphids of the same age were placed in open-ended cylinders (internal 
diameter: 21 mm, length: 25 mm) with one end placed on 50 mm Petri dishes. The 
edges of the other end were covered with a thin layer of fluon in order to stop aphids 
from crawling up the tube. A Petri dish with agar and the rehydrated sporulating pea 
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aphid cadavers was inverted on the fluon-covered end. For the control, a Petri dish 
filled with agar was placed on the tube.  Inoculation time was 1.5 h. 
After being inoculated with the fungus, the aphids were returned to bean plants 
and left to develop under short-day conditions (LD 12:12) at 15 °C. Each bean plant 
was covered with a glass vial (internal diameter: 25 mm, length: 75 mm) that kept 
relative humidity high. The aphids were inspected daily for survival and development 
and morphology of the wingbuds in fourth-stadium nymphs or wings in adults. The 
aphids that were found dead were inspected under a light microscope for the presence 
of P. neoaphidis conidia.  
7.2.4 Statistical analysis 
 
The data was in the form of counts expressing the number of adults/ nymphs that 
died before reaching the adult stage. Treatments were compared to the controls with 
Chi squared test (statistical software: R) (d.f. =1) (Crawley, 2007). A significant value 
(p<0.05) indicated that there was a significant difference between the groups that were 
compared. The data were plotted as percentages.  
7.3 Results  
7.3.1 Injection of LPS into Aphis fabae gynoparae 
 
Injection with LPS-saline-suspension had no effect on the development of late 
third-stadium A. fabae gynoparae (Fig. 62). The majority of the LPS-injected insects 
developed normally to the adult stage and there was no significant difference 
(p=0.277) between treatment and control. All the adults were winged.  
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Fig.62 Percentage (±SE) of winged Aphis fabae gynoparae developing to the adult 
stage after injection at late-third stadium with LPS (Saline: n=32, LPS: n=33, χ
2
= 1.2) (ns = 
p>0.05, LPS compared to Saline). 
 
7.3.2 Fungal inoculation bioassays 
 
Infection with P. neoaphidis had no effect on the wing development in A. fabae 
gynoparae. All the aphids that reached the adult stage (after being infected at days 9, 
11, 13 and 15) were winged and those that reached the fourth stadium after being 
infected at days 7, 9, 11 and 13 possessed normal wingbuds. There were no fourth-
stadium or adult aphids of winged- wingless intermediate forms observed in any of 
the ages infected by the pathogen.    
The development of the aphids was disrupted after infection with the pathogen 
as they were killed 4.8 ± 0.9 (days; ±SE; n=106) after infection with the pathogen. 
The earliest the infection took place, the fewer aphids reached the adult stage (Fig. 
63). Conidia of P. neoaphidis were found on all the nymphs that were found dead 
after infection.  
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Fig. 63 Percentage (±SE) of Aphis fabae gynoparae developing to the adult stage after 
infection with Pandora neoaphidis at 6 different ages (control: n=27, 29, 30, 30, 21, 30, 
treatment: n= 29, 30, 28, 30, 19, 28, χ
2
= 52.1, 55.1, 36.5, 33.2, 10.3, Inf, for days 5, 7, 9, 11, 
13, 15, respectively) (ns = p>0.05, ** = 0.001<p<0.01, *** = p< 0.001, Treatment compared 
to Control). 
 
7.4 Discussion 
 
In the previous chapters, morphological effects of parasitism (Chapter 3) or 
injection of parasitoid-derived products (Chapters 4 and 5) have been observed on the 
development of the wingbuds of A. fabae gynoparae. As discussed earlier, the effect 
on aphid wingbud tissues may be imposed by the parasitoid as means of redirecting 
nutrients from the host in favour of its own development, and as suggested by 
previous researchers (Strand and Casas, 2008). On the other hand, at this stage there is 
no direct evidence to support this suggestion. From the host’s point of view, there 
may also be some redirection of resources in favour of its own defence against the 
parasitoid (Kraaijeveld and Godfray, 2008). Thus it is not clear whether the inhibition 
of wing development is directed by the parasitoid or the host. 
Insects are known to induce histolysis of their own tissues (e.g. flight muscles) 
in order to nutritionally support other aspects of their fitness and the process of 
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reproduction (Finlayson, 1975).  Flight muscle histolysis in ants (Wilson, 1953; 
Barker, 1979), as well as crickets (Tanaka, 1986; 1993) serves energy-saving 
purposes and the nutrients obtained help with self-maintenance, reproduction (egg-
maturation) and feeding of the offspring.  The phenomenon of wing muscle histolysis 
has also been observed in aphids. In winged aphids from seven species, indirect flight 
muscle histolysis takes place after settling on the host plant (Johnson 1957; 1959c; 
1980). At the same time, fat body tissue enlarges and the nutrients from the muscle 
degeneration become available to the developing embryos. The flight muscle 
breakdown of winged pea aphids is now believed to be due to programmed cell death 
which is possibly triggered by an increase in the juvenile hormone titre (Kobayashi 
and Ishikawa, 1993; 1994a; b). 
The immune response comes with a cost for the insect’s fitness and reproduction 
(Carton et al., 2005) but the issue of the cost of resistance has not been clarified for 
aphids. Contradictory results have been presented for the pea aphid, one study 
(Gwynn et al., 2005) reports lower fecundity for a clone resistant to A. ervi, while  
previous studies show no correlation between fecundity and resistance to A. ervi and 
Aphidius eadyi (Ferrari et al., 2001; Kraaijeveld et al., 2002). A recent study (von 
Burg et al., 2008) on 17 clones of Myzus persicae, also reports no correlation between 
fitness and clone resistance to the parasitoids A. colemani and Diaeretiella rapae. 
Macrosiphum euphorbiae has been studied with regard to resistance or susceptibility 
to two Aphidius parasitoids (Nguyen et al., 2008). Aphidius ervi eggs fail to mature 
and develop whereas A. nigripes successfully completes development in this aphid 
host. Up-regulation of phenoloxidase and antioxidative protein titres after oviposition 
by A. ervi is possibly related to the successful immune response of the aphid against 
the parasitoid. Enzymes related to the energy metabolism have been up-regulated 
whereas other proteins synthesis has been down-regulated following parasitism. This 
result suggests that there is a trade-off in aphid immune response towards the 
parasitoids (Nguyen et al., 2008). It is possible that the aphid needs to redirect 
resources by inhibiting protein synthesis and metabolising existing resources, in order 
to successfully eliminate the parasitoid egg. 
In the present study, LPS and a fungus pathogen are used in order to challenge 
the aphid’s immune response and investigate whether there are any effects on wing 
development. LPS are molecules present on the surface of Gram-negative bacteria and 
are used by the host for recognition of the foreign body and initiation of the immune 
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response (Alexander and Rietschel, 2001). Several researchers have used LPS as 
elicitors in order to stimulate defence responses in insects and study various aspects of 
the immune system without having the complication of pathogenicity (Bedick et al., 
2000; Goldsworthy et al., 2003; Korner and Schmid-Hempel, 2004; Miller and 
Stanley, 2004). Thus, by challenging the immune system of an insect with LPS, any 
observed effect comes from the activation and the costs of the immune response. 
Haemolymph LPS-binding proteins are involved in the recognition of invading 
bacteria by the insect-host and then the process for nodule formation is activated 
(Koizumi et al., 1999). Injection of bacterial LPS extracted from E. coli induces 
nodule formation in locusts (Goldsworthy et al., 2003). The present results show that 
there is neither an effect on wing morphology nor to the development to the adult 
stage after LPS injection in A. fabae gynoparae.  
Fungal pathogens appear to cause an increase in wing induction (of progeny) as 
infected aphids produce more winged offspring (Müller et al., 2001; Pope et al., 
2002). This may be an induced defence reaction of the colony to escape the infection 
or it is induced by the pathogen as winged aphids carry the spores and disperse them 
(Müller et al., 2001). Infected winged progeny survive for few days, can fly and even 
produce some progeny although they are less fecund than healthy aphids. After the 
mother dies, the progeny become infected (Feng et al., 2007).  The presence of the 
female parasitoid also causes an increase in the production of winged progeny by the 
colony (Sloggett and Weisser, 2002) but wing development is inhibited in the 
parasitised individual (Christiansen-Weniger and Hardie, 1998; 2000 and see also 
Chapter 3). There are no studies so far that look at the wing development of the 
pathogen-infected individuals. In the present study, interest is focused on the effect of 
infection on the wing development of the infected individual, in the same sense that 
parasitised aphids were studied for wing development (see Chapter 3). Infection with 
P. neoaphidis had no visible effects on the wing development of the individual aphids. 
Normal development through the stadia was disrupted as the fungus caused the 
aphid’s death.  
There is now some evidence that the aphid’s immune response may be reduced 
compared to other insects (Altincicek et al., 2008) as no antimicrobial peptides have 
been found in the pea aphid and only one has been characterised for M. viciae (Bulet 
et al., 2002). The authors discuss that perhaps aphids do not need to invest in immune 
response as they do not face danger of infection from their diet which is the usually 
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sterile phloem sap (Altincicek et al., 2008). Most importantly, they also get some 
protection from their symbionts (Oliver et al., 2003; 2005; Scarborough et al., 2005). 
In support of this suggestion comes the fact that after wounding with a needle that led 
to infection, pea aphids increased the number of progeny produced, perhaps in an 
attempt to balance losses from infection (Altincicek et al., 2008).  
Taking into account the information available on the immune response of aphids 
against parasitoids and pathogens, it is possible that there is no immune response 
raised against the injected LPS or the fungal conidia, or if there is a response, it is 
such that it has not been possible to observe during the present experiments and 
certainly does not have any morphological effects on wing development.  
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Chapter 8 
General Discussion 
8.1 Effects on normal development of the aphid host through the 
stadia 
 
There are two aspects concerning the effects on the development of the aphid-
host through the stadia. Firstly, parasitism and injections of parasitoid extracts block 
the development to the adult and secondly, developmental arrest in the fourth stadium 
is observed after injection with parasitoid extracts. 
Gynoparae parasitised early in their development (first- and early second-
stadium) die before reaching the adult stage as they are killed by the parasitoid larva. 
Injections of parasitoid material also block the majority of aphids injected in the 
second, third or early fourth stadium from moulting to the adult stage. The effect on 
development is dose-dependent and results after potential deactivation treatments of 
the extracts provide evidence that the active compound(s) is probably a protein. 
Similar results are obtained for other aphid forms (winged and wingless virginoparae) 
and there seems to be a correlation of the effect with time remaining after the injection 
until the last moult. Blocking of development is also observed after injection of 
Aphidius ervi venom extract  in Aphis fabae gynoparae (which is not a host of A. ervi) 
but Aphidius colemani extracts do not have any effects on the development of 
Megoura viciae nymphs (not a host of A. colemani).  
Aphids that are naturally parasitised at late third stadium, may reach the adult 
stage before mummification. On the other hand, when aphids are injected with 
parasitoids extracts in late third stadium, they do not reach the adult stage but die in 
the fourth stadium usually after a prolonged duration in this stadium. Digilio et al. 
(1998) observe the same contrast between naturally parasitised and venom-injected 
pea aphids and ascribe it to the possibility that the injected dose of venom is much 
larger than the quantity delivered naturally by the female wasp. However, both in their 
study and the present thesis, it is not possible to know how much venom is injected by 
the female parasitoid into the aphid along with the egg.  
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When injected with the active parasitoid extracts in the late second stadium, the 
majority of aphids develop through to the third and fourth stadium but their moulting 
to the adult stage is blocked (they go through two nymph-to-nymph moults before 
they get blocked from moulting to the adult stage). When injected in the third 
stadium, the majority of aphids moult to the fourth stadium but not to the adult (they 
go through one moult before they get blocked from moulting to the adult stage) and 
when injected in early fourth stadium, the majority of aphids are blocked from 
moulting to the adult stage (they go through no moults). In conclusion, aphids injected 
with parasitoid extracts go through the nymphal moults, which are mainly unaffected 
but their moulting to the adult stage is blocked. This is not the case though when the 
injection takes place on the last day of the fourth stadium (late fourth stadium) and the 
aphids moult normally to the adult on the next day. In this case, perhaps the time 
before the moult to the adult (less than 24 hours) is not enough for the factor blocking 
the development to act. 
Parasitoids induce alterations in the synthesis, metabolism and action of 
ecdysteroids and juvenile hormones of their insect-hosts causing blocking of 
development and developmental arrest (Quicke, 1997). Moulting is inhibited by 
maintaining the juvenile hormones at high levels and/or decreasing the ecdysteroid 
levels or precocious metamorphosis occurs after early down-regulating of the juvenile 
hormone titres (Beckage and Gelman, 2004).  Parasitism by Eulophus pennicornis 
causes elevated titres of juvenile hormone in a lepidopteran host, possibly by reducing 
the juvenile hormone esterase activity and up-regulating of juvenile hormone 
synthesis (Edwards et al., 2006). The authors report that the host endocrine-disruption 
strategies depend on the instar of the host when parasitised and that the venom is 
responsible for the hormonal changes. When aphids are parasitised early in 
development, the prothoracic glands break down after the aphids moult to the fourth 
stadium. Therefore they fail to produce ecdysone and do not moult to the adult stage 
(Johnson, 1965). Calyx fluid and venom of Cardiochiles nigriceps interfere with the 
synthesis and metabolism of ecdysone in the host and cause inhibition of pupation 
(Pennacchio et al., 1992).  
The ecdysteroid titre is down-regulated in pea aphids that are parasitised by A. 
ervi in first stadium. The alteration is related to the castration of the aphid by the 
parasitoid (Pennacchio et al., 1995). Pennachio et al. (1995) report a relationship 
between the parasitism-induced aphid castration and the low titres of ecdysone 
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observed. The authors suggest that the ovaries play a role in the regulation of the final 
moult to the adult stage and parasitism disrupts the process for the final moult 
possibly as a consequence of the degeneration of the ovaries (Digilio et al., 1998; 
2000). The relation between ovaries and ecdysteroids prior to the final moult may 
explain in part the developmental arrest.  
8.2 Effects on wing development of the aphid host 
 
After natural parasitism, wing development is completely suppressed in aphids 
parasitised early in development and fourth-stadium mummies with reduced or no 
wingbuds are observed. When they are parasitised later, they may reach the adult 
stage but still wing development is affected, even if no parasitoid develops. These 
observations support the findings of previous studies. Timing of the effects and the 
hatching of the parasitoid egg give evidence that the effect on wing development is 
caused by a factor injected into the aphid along with the egg by the female parasitoid 
and is not caused by the parasitoid larva. Injections of parasitoid extracts in late 
second-stadium gynoparae showed disruption of wing development with aphids 
developing reduced wingbuds in fourth stadium. The same effect is also caused by 
injection with chromatographic fractions of female abdomen extract.   
Wing development is inhibited in Plutella xylostella when parasitised by Cotesia 
plutellae by means of inhibition of imaginal wing disc development. Non-parasitised 
larvae possess two pairs of wing disks whereas larvae parasitised at the second instar 
develop no wing disks at all. It is suggested that redirection of resources takes place 
but the underlying mechanism is not known as well as whether it is redirection of 
nutrients for the benefit of the developing parasitoid or for the benefit of the host that 
has been deprived of nutrients because of the parasitoid development (Bae and Kim, 
2008).  
After injection with teratocytes from Cardiochiles nigriceps, normal pupation of 
Heliothis virescens is affected and the wingbuds in the pupa stage are not completely 
formed (Pennacchio et al., 1992). Γ-Irradiation-induced pseudoparasitisation allows 
for the effects of venom and polydnavirus to be studied without the parasitoid 
developing inside the host. When the method is used for the pseudoparasitism of 
Lymantria dispar by the endoparasitoid Glyptapanteles liparidis, the wingbuds in the 
pupa are not formed normally (Tillinger et al., 2004). 
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8.3 Is the effect on wing development a result of redirection of 
resources by the parasitoid in support of its developing larva, or by the 
host in support of its immune system? 
 
Slansky (1986) established some basic questions that need to be answered in 
order to get a better understanding of the host-parasitoid interactions. To what extent 
are the effects and alterations under the control of the parasitoid rather than due to its 
presence, feeding activity and/ or the reaction of the host? To what extent are the 
changes effected to the benefit of the parasitoid or the host? What are the mechanisms 
involved? Since then some progress has been made although no clear conclusions can 
be drawn on the nutritional ecology of the host-parasitoid systems and researchers 
agree that in most cases the interactions are bidirectional and it is usually hard to 
recognise what effect is caused by which “partner” of the host-parasitoid system 
(Beckage, 1993; Thompson, 1993; Strand and Casas, 2008).  
Developing parasitoids may face lack of essential nutrients (amino acids and 
proteins) inside the host, especially before they start any destructive feeding on the 
host’s tissues. This leads to competition for nutrients between the parasitoid egg /larva 
and the host’s tissues (Vinson et al., 2001).  Thus, it is clear that the redirection of 
resources in the host is an important process for the survival and successful 
development of the parasitoid and the host’s metabolism is strongly affected by 
parasitism (Thompson, 1993). Nutrient composition of the host haemolymph and fat 
body are often altered after parasitisation. The alterations are related to the presence 
of the parasitoid, either caused by the ovipositing female and the parasitoid maternal 
products (i.e. venoms, polydnaviruses and teratocytes) or the developing larvae are 
responsible for inducing the alterations (Slansky, 1986; Thompson, 1993). 
The nutritional alterations observed in parasitised hosts have been studied in 
several host-parasitoid systems and researchers usually attribute them to the host 
regulation caused by the parasitoid in favour of its own development.  Natural 
parasitism and injection of Eulophus separatae venom caused lysis of the fat body 
cells and subsequent elevation of the lipid concentration in the haemolymph of 
Pseudaletia separate (Nakamatsu and Tanaka, 2004). Parasitism by Cotesia flavipes 
causes down-regulation of haemolymph proteins in the host Diatraea saccharalis, 
probably in an attempt of the parasitoid to stop the host protein synthesis and use the 
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nutrients for its own development (Salvador and Cônsoli, 2008). Parasitism by or 
injection with venom from Euplectrus spp. cause accumulation of haemolymph 
storage proteins in lepidopteran hosts (Knop-Wright et al., 2001). Venom and 
polydnavirus caused an up-regulation of the carbohydrates trehalose and glycogen in 
Lymantria dispar and the authors believe that it is evidence for the redirection of host 
resources in favour of the parasitoid with the help of the venom and polydnavirus 
(Hoch et al., 2008). Parasitism by Aphidius smithi deprives Acyrthosiphon pisum of 
some specific nutrients (mainly amino acids) in order to use them for its own 
requirements (Cloutier, 1986). Parasitism by Hyposoter exiguae causes 
hyperglycemia of the host Trichoplusia ni (Thompson, 1986). Aphidius ervi induces 
biochemical changes in the pea aphid’s haemolymph, in order to create a more 
nutritious environment for the development of the larvae (Pennacchio et al., 1995). 
Venom from Nasonia vitripennis causes increase in the concentration of lipids in the 
host’s haemolymph following lysis of the fat body tissue (Rivers and Denlinger, 
1995) thus making this essential nutrient available to the developing larva. 
Although the present results suggest that the maternal wasp-products and the 
injected parasitoid extracts cause morphological changes in the aphid host that could 
be attributed to the parasitoid’s attempt to redirect the host’s resources to its own 
development, no clear conclusions can be drawn. An initial attempt is made to 
examine whether morphological changes of the aphid wingbuds are due to the host 
redirecting resources to support its immune system. So far the results do not give any 
evidence for this but the information on the aphid’s immunity is quite scarce and 
perhaps further research in this direction would provide valuable support. Injections 
with LPS and infection with fungal conidia were used in order to challenge the 
immune system of the aphid and observe possible alterations in wing morphology. 
The results showed no effects but clear-cut conclusions cannot be drawn.   
8.4 Applications for the parasitoid-derived compounds and 
prospects for biological control 
 
Host-parasitoid interactions may provide information which can prove valuable 
in agronomic and medical sectors (Pimenta and De Lima, 2005; Wang and Yang, 
2008). Aphid parasitoids have been used in pest control strategies (Powell and Pell, 
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2007) and the study of the physiological interactions involved in parasitism provides 
knowledge important for the production of strategies that will be successful and safe.  
Insect toxins, especially those deriving from parasitoid venoms, may prove 
useful for the production of bio-insecticides that will be effective for pest control and 
safe for natural enemies as most of the compounds are quite specific to their targets 
(Wang and Yang, 2008). Other advantages for the use of insecticidal toxins are the 
large number of animals possessing venoms and the great variety of compounds 
contained even in one single species venom (Whetstone and Hammock, 2007).  
One of the major challenges that scientists have to face though, after the 
successful characterisation and isolation of the insecticidal parasitoid-derived factors, 
is to find a way to successfully exploit this knowledge for the development of novel 
strategies for pest control. New technologies help with the exploitation of such 
compounds by overcoming the problems of small size of the molecules, the small 
quantities and the difficulty of observing and characterising the biological activities 
(Pimenta and De Lima, 2005). Other problems such as the in vivo stability of the final 
product and the sensitivity to the environmental conditions that do not allow for the 
applications as sprays (Moreau and Guillot, 2005) can be overcome by the chemical 
modification of the peptides or with the use of suitable delivery systems (Pimenta and 
De Lima, 2005). 
There is a need for suitable vectors to deliver the toxic compounds to the pests. 
Bio-pesticides can be delivered orally with genetically modified (GM) crops, topical 
application of peptide/ protein-based pesticides, peptide mimetics or application of 
fusion protein constructs (Whetstone and Hammock, 2007). Venom proteins can be 
expressed in transgenic plants and thus be delivered orally to the insect-pest. Fitches 
et al. (2001, 2004) provide an example of how this could be achieved. A plant lectin 
(defensive proteins of plants) is suitable as a delivery system (through the creation of 
a fusion protein) for an insecticidal toxin deriving from spider venom which is 
resistant to gut proteolysis and detected in haemolymph of orally exposed insects 
(Fitches et al., 2004). The same lectin has been found to inhibit development and 
decrease fecundity of the glasshouse aphid Aulacorthum solani (Down et al., 1996) 
and perhaps if used as a delivery system for an insect toxin, for example a parasitoid-
venom protein, even better results in aphid management may be achieved and the 
system could be successfully used in IPM (Integrated Pest Management) of aphids.  
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Another way of delivering toxins is by insect-specific infectious agents or 
symbiotes (bacteria, fungi, nematodes and most importantly baculoviruses) 
(Whetstone and Hammock, 2007). A paralysing toxin from the venom of the mite 
Pyemotes titici has been expressed into the genome of an insect virus (Tomalski and 
Miller, 1991). Baculoviruses that are expressing insecticidal toxins take shorter time 
to kill insects, are arthropod-specific and in some cases even species-specific (toxins 
used come from spider, scorpion, sea anemone and wasp venoms) (Nicholson, 2007). 
Recombinant baculovirus that carries gene for mite-derived toxin causes paralysis in 
insects (Tomalski and Miller, 1991). Toxin from scorpion venom (when expressed in 
a baculovirus) causes paralysis and death, reduces the time to kill and the amount of 
plant tissue consumed by the host (Stewart et al., 1991). One of the advantages of the 
virus-toxin system, the fact that the insects are killed faster, may also prove to be a 
great disadvantage, as the time for the replication of the virus is shorter and fewer 
virus particles are produced. Also the side-effects to non-targets (i.e. predators) are 
not known (Miller, 1995). Fungi are the most common pathogens used for aphid 
control (Milner, 1997; Powell and Pell, 2007) and perhaps recombination of fungi to 
express toxic proteins can be used to strengthen their performance. 
The use of transgenic organisms (i.e. genetically modified plants) is a potential 
solution against the losses caused by crop pests but it is not mirrored to commercial 
success mainly because of the opposition raised. For the transgenic organisms to be 
widely accepted scientists need to convince the public through their research for their 
safety and economic importance (Gatehouse, 2008). 
Venom components can even be used to increase the efficacy of other means of 
pest control, especially bio-control. Venom from Pimpla hypochondriaca is toxic for 
the pest slug Decoceras reticulatum and Richards et al. (2008) investigated the 
possibility that the active compounds in the venom enhance the efficacy of the 
nematode Phasmarhabditis hermaphrodita as a bio-control agent for the slug but no 
synergistic effects have been found so far.  
Other possible applications of venom-derived compounds lie in their 
therapeutical values and may be related to biomedicine. Toxins of bee venom are used 
to cure human diseases (Wang and Yang, 2008) and there are examples of venom 
proteins that could be useful in anticancer strategies as they have antitumour 
properties (Moreau and Guillot, 2005).  
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Physiological, development and nutrition studies of the host-parasitoids systems 
also provide information that may prove valuable for the production of successful 
artificial rearing media, that need to be both the environment in which the larva 
develops and the food it consumes (Grenier et al., 1986) and are needed for the 
production and support of parasitoid systems used in IPM.  
In conclusion, physiological and toxicological studies involving parasitoid 
venom proteins are important as the knowledge gained can be useful in various ways 
for the enhancement of existing or the production of new pest control strategies. 
8. 5 Future work 
 
The present work provides the basis for further studies on the interactions 
between parasitoids and aphids. The results are not clear-cut in all cases and thus 
further research is needed especially in order to understand the mechanisms involved 
and to identify and characterize the active compound(s).  
The activity of the male abdomen extract on the development of gynoparae 
through the stadia needs to be further investigated. The factor is probably non-specific 
but it is interesting to get a better understanding of the activity and characterize the 
compound. Insect-toxic compounds are always needed in the developing pest 
management strategies. From another point of view, aspects of the insect physiology 
or the host-parasitoid interactions may be revealed that so far remain poorly 
understood as the parasitoid studies are mainly focused on the female wasp. In the 
present study, the injection with the male parasitoid abdomen extract was initially 
thought to be an extra control for the female abdomen extract. It was hypothesised 
that as the male abdomen does not contain venom glands, it shall not have any effect 
on the development of the aphid. The results provide evidence for the rejection of this 
hypothesis though, as the male abdomen extract is active.  
Other separation techniques may also be used for the fractionation of the 
parasitoid extracts and the further characterization of the active factor(s). As already 
mentioned, perhaps a cation exchange column used for the performance of fast protein 
liquid chromatography may give better results. 
Electron microscopy is a powerful tool that can be used for detailed observation 
of the effects of natural parasitism or injection of parasitoid extracts on the 
development of the aphid’s wingbud tissue. It has been used by Digilio (1998; 2000) 
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in order to observe the alterations at the ovarian tissues of the pea aphid after 
parasitism or venom-extract injections. A study of the hormonal changes in 
parasitised or extract-injected aphids may also provide further information on the 
mechanism that causes the wing development inhibition and / or the blocking of 
development.  
In order to study further the effects of the venom injected by the female 
parasitoid in the aphid host, without having the complications of the developing egg 
or parasitoid larva, the method of “pseudoparasitisation” can be used (Tillinger et al., 
2004; Hoch et al., 2008).     With the use of radiation (i.e. gamma-radiation) the adult 
parasitoids become sterilised. The method has the advantage of resembling the natural 
process of parasitism as closely as possible. The main advantages are that there are no 
effects from the artificial injection of the venom and the quantity and quality of the 
injected venom is the same as in nature.  
The initial purpose of this study was to get a better understanding of the host-
parasitoid interactions with a special interest in the development of the wingbuds of 
the aphid-host after parasitism or injection of parasitoid extracts. The range of 
specificity of the parasitoid venoms was not one of the initial objectives and that is 
why the data in the part investigating the host-range of the venoms is insufficient and 
no clear results could be made on the specificity of the venom’s action. Concerning 
the specificity of the A. colemani venom, further studies are required involving more 
aphid host and non-host species as well as species from other insect orders.  
The investigation concerning the costs for the aphid after its immunity has been 
challenged also needs to be looked at more closely for unambiguous conclusions to be 
drawn. The research around the aphid immunity is so far scarce and the published 
literature is not enough for a considerable description of the aphid’s immune system. 
Once the aphid immunity is described and understood, studying the costs for the 
aphid’s own development and fitness may be less complicated. 
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Glossary 
 
Alate: Possessing wings  
Apterous: Lacking wings 
Asexual: Reproducing by parthenogenesis 
Calyx: Expansion of the oviduct into which the ovaries empty their mature oocytes 
(eggs) 
Ecdysis: Shedding of the old cuticle during moulting (adj. ecdysial) 
Endoparasitoid: A parasitoid that completes larval development inside its host and is 
independent as adult  
Factitious: artificial, man-made 
Fundatrix: A wingless viviparous parthenogenetic female aphid that develops from 
the overwintering egg 
Gynoparae: Winged parthenogenetic aphids that produce sexual females (oviparae) 
on the primary host 
Holocyclic life cycle: Parthenogenetic during summer and sexual during autumn 
Host-alternating: Describing a life cycle where the insect lives on one plant species 
in winter (primary host) and migrates to other unrelated plant species (secondary 
hosts) in summer 
Idiobiont: A parasitoid that prevents the host from developing any further and has to 
make do with the resources present at oviposition 
Instar: The growth stage between two successive moults 
Juvenile hormone (JH): A hormone released into the heamolymph from corpora 
allata and involved mainly in preventing metamorphosis in larval/ nymphal stages and 
regulation of reproduction in adults 
Koinobiont: A parasitoid that allows the host to continue grow in size after parasitism 
Lipopolysaccharides: see LPS 
LPS: (Lipopolysaccharides) Molecules on the cell-surface of bacteria used by the 
host’s immune system to recognise the foreign body.   
Moult: The entire process of shedding the old cuticle 
Mummy: Parasitoid’s pupae enclosed in the host aphid cuticle 
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Non-host alternating: Describing a life cycle where the insect remains on the same 
host species or migrates between closely related plant species throughout the year 
Nymph: An immature insect after emerging from the egg, for insects in which there is 
incomplete metamorphosis 
Parasitoid: An insect that completes its larval development on or inside the body of 
another insect, which it eventually kills, and is free-living as an adult 
Parthenogenesis: Reproduction without fertilization 
Polydnaviruses (PDVs): Viruses found in the ovaries of some parasitic wasps (mot 
in aphid parasitoids), that act as host regulator factors when injected along with the 
wasp egg  
Polymorphism: Having more than one body form 
Stadium: The period between moults, inter-moult period 
Venom: (Hymenoptera) Toxic fluid consisting of biologically active peptides secreted 
from accessory glands and injected into the host by the ovipositor 
Virginoparae: Parthenogenetic aphids which give birth to parthenogenetic progeny 
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